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Estuarine ecosystems, as critical transition zones between land, freshwater and the sea, are 
hotspots for biogeochemical cycling and productivity. Most of the biogeochemical processes 
occur in estuarine sediments where macrofauna and microbes are key drivers of the 
ecosystem functions, nutrient regeneration and primary production. Large bivalves in 
particular are important drivers of these ecosystem functions; however, in many estuaries 
large bivalves have declined, altering ecosystem structure and functioning. Increased 
sedimentation and nutrient enrichment from land run off alter the macrofaunal community, 
including bivalves and the roles they play within the sediment.  
This thesis aimed to determine how changes in the biomass of large and small 
bivalves changed ecosystem functioning using an in situ manipulation experiment of 
Austrovenus stutchburyi, a key bivalve in New Zealand’s estuaries (Chapter 2). Further the 
thesis used a manipulative field experiment to investigate the effects of nutrient enrichment 
in contrasting muddy and sandy habitats on key ecosystem functions and the importance of 
large bivalves in ameliorating the effects of nutrient enrichment (Chapter 3 & 4). The 
ecosystem functions measured included nutrient regeneration, primary production and 
extracellular enzyme activities, critical functions that maintain healthy estuaries. 
Macrofaunal community and sedimentary parameters were also measured and the 
influence of these variables on ecosystem functions determined.  
Small bivalves (Austrovenus) were key drivers of benthic primary production and 
microbial activity associated with organic matter breakdown and nutrient cycling in 
sediments, while large bivalves drove nitrate fluxes (Chapter 2). Since high biomass shellfish 
beds could only be maintained with large individuals (due to predation of small 
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Austrovenus), high biomass of the large individuals was important overall for nutrient 
regeneration and primary production. Thus, mixed size classes of large and small bivalves 
provide complementary ecosystem functions and are required for ecosystem wide benefits.  
The effect of nutrient enrichment was context dependent with experimentally 
elevated porewater nutrients interacting with mud content to affect ecosystem functions 
(Chapters 3 & 4). Extracellular enzyme activity, a rate-limiting step of organic matter 
breakdown and nutrient cycling, was greater in muddy than sandy sediment. Mud content 
also affected macrofaunal communities, reducing species diversity and abundance of large 
bivalves. Macrofaunal abundance increased extracellular enzyme activity, however bivalve 
density negatively influenced enzyme activity (Chapter 3). Interaction effects of nutrients 
and mud were also documented for nutrient regeneration and productivity, with small 
increases in mud content (over ~4 %) reducing the photosynthetic efficiency of benthic 
primary production (Chapter 4). Bivalve and macrofauna excretion, movement and 
bioadvection stimulated nutrient regeneration and primary production in sandy sediments 
similar to the results in chapter 2, however, increased mud content reduced the positive 
role of bivalves and macrofaunal communities on ecosystem functions.  
These results highlight the complex interaction (both cumulative and additive) 
between multiple stressors and the influence of key bivalves on ecosystem functions. Small 
changes in mud content due to increased sedimentation reduce ecosystem functions, 
showing the need for increased monitoring of mud content to improve estuarine 
management and health. The increased vulnerability of estuaries to nutrient enrichment 
with increasing mud content and the corresponding loss of large bivalves highlights the 
need for integrated management of multiple stressors rather than a single stressor 
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approach focusing on the whole catchment for managing estuaries. Monitoring of size 
classes and biomass of key bivalves such as Austrovenus is essential to ensuring a mixed size 
class of these bivalves in order to maintain and increase ecosystem functions. Reducing 
nutrient and sediment run off and limiting the loss of large bivalves will improve and 
support key ecosystem functions and services that maintain and preserve healthy estuarine 
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1 General Introduction  
 




1.1 Benthic soft sediment ecosystems 
Benthic soft sediment habitats are one of the largest habitats in the world, and home to a 
large variety of meiofaunal, macrofaunal and microbial communities (Snelgrove et al. 1997, 
2014; Snelgrove 1998). Soft sediments are important areas for biogeochemical cycling  with 
different abiotic and biotic factors driving these biogeochemical processes (Levin et al. 2001; 
Thrush et al. 2013; Snelgrove et al. 2014; Belley and Snelgrove 2016). One of the most 
productive and important soft sediment habitats for biogeochemical cycling is coastal and 
estuarine soft sediments (Levin et al. 2001; Bolam et al. 2002). Estuaries in particular are 
important habitats supporting high levels of productivity and biogeochemical cycling (Levin 
et al. 2001; Thrush et al. 2013).  
Estuaries are critical transition zones between terrestrial, freshwater and marine 
environments, they are well mixed, shallow and sunlit, creating a complex and 
heterogenous environment (Levin et al. 2001; Kennish 2002; Thrush et al. 2013; Pratt et al. 
2015a). This complex environment provides many ecosystem functions such as nutrient 
cycling, nutrient storage and decomposition, with these functions fuelled by the input of 
organic matter into the system from rivers, within the estuary, surrounding habitats and the 
ocean (Levin et al. 2001; Thrush et al. 2013; Karlson et al. 2016). Nutrients released from  
nutrient cycling and decomposition  help drive primary production by microphytobenthos, 
seagrass, salt marshes and macroalgae (Levin et al. 2001; Bolam et al. 2002; Norling et al. 
2007; Kristensen et al. 2014). Some ecosystem functions occur in both the water column 
and within the sediment, however, in most estuarine systems the majority of ecosystem 
functions are driven from the sediments (Levin et al. 2001; Thrush et al. 2013; Kristensen et 
al. 2014). Nutrient and dissolved organic matter released from estuarine sediments fuel 
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primary production, microphytobenthos and algal growth as well as productivity in the 
overlying water column and on the surrounding coast (Levin et al. 2001; Teichberg et al. 
2010; Pratt et al. 2013;Thrush et al. 2013). Estuaries also provide many ecosystem services 
that are beneficial both ecologically and for humans (Costanza et al. 1997; Levin et al. 2001; 
Thrush et al. 2013). Ecosystem services provided within estuaries include habitat for 
migratory and resident animals, nursery grounds for fish from the open coast, shoreline 
protection, water quality improvement, nutrient cycling, fisheries and areas for recreation 
(Levin et al. 2001; Norkko et al. 2013; Thrush et al. 2013).  
1.2 The infrastructure driving ecosystem functioning  
The physical characteristics of an estuary including habitat complexity combined with large 
inputs of organic matter create a situation allowing for high productivity and 
biogeochemical cycling, however it is the faunal and floral communities within and on the 
sediment surface that underpin and drive these ecosystem functions and services (Levin et 
al. 2001; Bolam et al. 2002; Pratt et al. 2013b; Thrush et al. 2013). Microphytobenthos 
(hereafter, MPB) are microalgae which live on the sediment surface influencing nutrient 
fluxes through absorption of nutrients which fuels growth. MPB also cause  adhesion of the 
sediment surface from the release of extracellular polymeric substances (EPS) altering the 
diffusion of solutes across the sediment water interface (Van de Koppel et al. 2001; Pratt et 
al. 2013b; Serpetti et al. 2016). Oxygen from microphytobenthos fuels productivity with at 
least 50% of primary production in estuaries linked to sediment dwelling MPB (Pratt, et al. 
2013; Drylie et al. 2018). The breakdown of MPB by bacterial communities drives  nutrient 
cycling with an estimated 33% of the organic budget within some estuarine systems 
provided by MPB (Kellyl et al. 1985; Hiroki et al. 2007; Pratt et al. 2013b). 
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Microphytobenthos provides an important food source of labile organic matter for bacterial 
communities and macrofauna such as grazers fuelling benthic food webs (Kellyl et al. 1985; 
Pratt et al. 2013b; Drylie et al. 2018). 
Macrofauna and bacterial communities are important drivers of ecosystem 
functioning such as primary production, decomposition of organic matter and nutrient 
cycling within soft sediment systems (Emmerson et al. 2001; Bolam et al. 2002; Kristensen 
et al. 2014; Belley and Snelgrove 2016). High biodiversity of macrofauna has been linked to 
increased ecosystem functioning, through complementary resource use, overyielding and 
complementary ecological roles in many soft sediment systems (Emmerson et al. 2001; 
Raffaelli et al. 2003; Karlson et al. 2010). However, in most systems it is a dominant species 
or groups with key functional traits that are more important than biodiversity per se 
(Snelgrove 1998; Biles et al. 2010; Norkko et al. 2013; Karlson et al. 2016).  
Species functional traits are important factors which influence ecosystem 
functioning, with increased functional diversity and species richness linked to increased 
ecosystem resilience and ecosystem functions (Bolam et al. 2002; Thrush et al. 2006; Reiss 
et al. 2009; Douglas et al. 2017).  Functional traits include feeding mode, living position, , 
and movement (Figure 1.1), as well as functional traits such as size (Mermillod-Blondin and 
Rosenberg 2006; Norkko et al. 2013; Greenfield et al. 2016; Woodin et al. 2016). These 
functional traits influence processes such as organic matter burial, sediment displacement, 
bacterial processes and solute fluxes (Figure 1.1) (Mermillod-Blondin and Rosenberg 2006; 
Braeckman et al. 2010; Woodin et al. 2016). For example, deposit feeders subduct organic 
matter deeper into the sediment creating hotspots of mineralisation by bacteria consuming 
oxygen and releasing ammonium (NH4+), with advection of solutes occurring due to the 
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movement of particles during deposit feeding from the surface to depth (Figure 1.1) (Thrush 
et al. 2006; Braeckman et al. 2010; Woodin et al. 2016). Suspension feeders are another 
feeding type that ingest phytoplankton and release biodeposits at the sediment surface 
which affect nutrient regeneration and oxygen consumption (Thrush et al. 2006; Sandwell et 
al. 2009; Jones et al. 2011).  
 
Figure 1. 1. Schematic diagram illustrating a variety of different bioturbation modes bulldozing, bio-
irrigation, movement due to feeding mode such as bioadvection and how these influence solute 
exchange, oxygenation and microbial activity.  The grey colour is the increased area of oxygenation 
due to macrofaunal movement and feeding modes. Arrows indicate direction of solute and oxygen 
movement. Organic matter within the sediment is represented as OM. Species present from left to 
right, Austrovenus stutchburyi, Macomona liliana, Nereidid polychaete, Amphibola crenata 
Bioturbation is another trait that exerts a large influence on sediment processes such 
as porewater chemical gradients, subduction of organic matter, sediment oxygenation and 
permeability which affects remineralisation rates and nutrient cycling (Lohrer et al. 2004; 
Biles et al. 2010; Braeckman et al. 2010; Kristensen et al. 2014; Woodin et al. 2016). There 
are many different modes of bioturbation such as bulldozing,  bioirrigation and bioadvection 
with each feeding mode creating variable effects on sedimentary processes at different 
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depths depending on the species (Figure 1.1) (Lohrer et al. 2004a; Mermillod-Blondin et al. 
2004; Mermillod-Blondin and Rosenberg 2006). Bivalves such as clams and cockles 
(Cerastoderma edule and Austrovenus stutchburyi), for example, are biodiffusers mixing 
sediment particulates at the surface (0-5 cm) (Mermillod-Blondin et al. 2004; Sandwell et al. 
2009) in contrast to deeper deposit feeding bivalves such as Limecola balthica and  
Macomona liliana use bioirrigation which mixes sediment at depth during feeding (Thrush 
et al. 2006; Norkko et al. 2013).  
Bivalves are keystone species, with large bivalves often dominating the biomass in 
soft sediment systems and playing an important role in ecosystem functioning (Thrush et al. 
2006; Norkko et al. 2013; Woodin et al. 2016). Bivalves influence hydrodynamics, organic 
matter processing, nutrient cycling, habitat formation, sediment oxygenation, benthic-
pelagic coupling and bacterial communities (Thrush et al. 2006; Rossi et al. 2008; Norkko et 
al. 2013; Kristensen et al. 2014). Bivalve size influences the level and effect the individual 
has on ecosystem functions as size affects mobility, burial depth, energy demand and 
physiological rates (Thrush et al. 2006; Dame 2012; Norkko et al. 2013; Woodin et al. 2016). 
For example, large bivalves are often buried deeper within the sediment affecting oxygen 
penetration and remineralization of biodeposition at depth rather than at the sediment 
surface (Norkko et al.2001; Thrush et al. 2006; Dame 2012; Norkko et al. 2013). The 
displacement of sediment, and the pumping and movement of water changes with bivalve 
size as do physiological differences such as excretion volume and oxygen consumption 
(Mermillod-Blondin et al. 2004; Thrush et al. 2006; Norkko et al. 2013; Woodin et al. 2016). 
The  trait of size combined with other functional traits such as such feeding mode and 
movement provides the characteristics  for bivalves to be keystone species within estuarine 
systems and play a dominate role driving ecosystem functions (Thrush et al. 2006; Rossi et 
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al. 2008; Braeckman et al. 2010b; Norkko et al. 2013). Bivalves are also an important food 
source for predators within the estuary including birds and fish contributing to estuarine 
food webs (Levin et al. 2001; Jones et al. 2011a; Thrush et al. 2013).  
1.3 Austrovenus stutchburyi and Macomona liliana  
Austrovenus stutchburyi (hereafter, Austrovenus) and Macomona liliana (hereafter, 
Macomona) are two key bivalve species found in New Zealand estuarine systems and are 
important drivers of ecosystem functioning (Thrush et al. 2006, 2014; Sandwell et al. 2009; 
Jones et al. 2011a; Woodin et al. 2016). Austrovenus is a suspension feeding bivalve that 
lives within the top 5 cm of sediment and often dominates biomass in many estuaries 
throughout New Zealand (Sandwell et al. 2009; Jones et al. 2011a). Austrovenus can grow to 
large sizes (> 40 mm) and can form dense aggregations up to 3500 ind. m-2 in some zones 
(Sandwell et al. 2009; Jones et al. 2011a; Adkins et al. 2014). They are a key species 
reworking sediment, modifying habitats, increasing primary production and influencing 
nutrient cycling (Sandwell et al. 2009; Jones et al. 2011a; Thrush et al. 2014). Macomona is a 
deposit feeding bivalve with adults living between 5 – 15 cm in the sediment (Thrush et al. 
2006, 2014; Hewitt et al. 2016; Woodin et al. 2016). Macomona feed on the sediment 
surface creating bioirrigation  through their feeding mode, influencing nutrient cycling and 
oxygenation of the sediment (Thrush et al. 2006, 2014; Woodin et al. 2016). Biodeposition 
from Macomona influences microbial processes at depth and they influence the densities of 
other species and conspecific juveniles within the sediment (Hewitt et al. 1996; Thrush et al. 
2006, 2014; Woodin et al. 2016). 
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1.4 Bacteria and Extracellular enzymes 
The bacterial community within the sediment provides an important food source for many 
organisms and the base of many estuarine food webs (Norkko, et al. 2001, MacTavish et al. 
2012, Kristensen et al. 2014). Bacteria are important for critical ecosystem functions such as 
organic matter breakdown and nutrient cycling, by facilitating the first stage of these 
functions (Boschker and Cappenberg 1998; Hoppe et al. 2002; Hiroki et al. 2007; Arnosti et 
al. 2014; Belley and Snelgrove 2016). Macrofauna directly affect bacteria through 
movement, burrowing, consumption, biodeposition, pumping of water through the 
sediment and changing oxygen gradients (Hoppe et al. 2002; Lohrer et al. 2004a; Kristensen 
and Kostka 2013; Arnosti et al. 2014; Belley et al. 2016).  The effects of macrofauna on 
bacteria can be positive through increased oxygenation of sediment due to bioturbation and 
from biodeposits which are a high quality food source, both of these processes can increase 
bacterial abundance (Norkko et al. 2001; Hoppe et al. 2002; MacTavish et al. 2012; Oni et al. 
2015). Negative influences of macrofauna are due to direct consumption of the bacteria and 
subduction of bacteria from bioturbation (Andersen and Kristensen 1992; Norkko et al. 
2001; Lohrer et al. 2004a; MacTavish et al. 2012). 
Bacteria cannot absorb organic matter or large polymers directly (with some 
exceptions) and therefore release extracellular enzymes which hydrolyse organic matter 
into dissolved organic carbon (DOC) which can be taken up by bacteria, with the rest 
released into the environment (Hiroki et al., 2007; Hoppe et al., 2002; King, 1986; Mayer, 
1989; Sinsabaugh et al., 2008). Important enzymes involved in organic matter processing 
and nutrient cycling are  β-glucosidase (BGase), alkaline phosphatase (APase), sulfatase 
(SULfase) and leucine aminopeptidase (LAPase) (Hoppe 1983; Hoppe et al. 2002; Arnosti et 
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al. 2014). BGase is responsible for the breakdown and acquisition of carbon, while LAPase 
breaks down proteinaceous material, so is indicative of both N and C acquisition. Sulfatase 
and APase are responsible for acquisition of sulphate and phosphate respectively (Hiroki et 
al. 2007; Sinsabaugh et al. 2009; Bell et al. 2013; Jackson et al. 2013; Hill et al. 2014).  
Extracellular enzyme activities are an important ecosystem function contributing to 
nutrient cycling. Extracellular enzyme activity is the rate limiting step of organic matter 
breakdown within the estuary with rates of extracellular enzyme activities used as an 
indicator of organic matter breakdown and microbial nutrient demand (Hoppe et al. 2002; 
Hiroki et al. 2007; Sinsabaugh et al. 2008; Arnosti et al. 2014; Baltar et al. 2017; Luo et al. 
2017). Therefore, changes in extracellular enzyme activity will indicate changes to 
ecosystem functions providing information on the health of the estuarine system. Factors 
such as sedimentation, which affect bacterial communities and influence the rates of 
extracellular enzyme activities, therefore, alter the rate of organic matter breakdown and 
nutrient cycling within estuarine sediments.  
1.5 Effects of anthropogenic stressors on estuarine ecosystems 
Estuarine ecosystems are under increasing stress worldwide due to anthropogenic activities, 
with these systems being some of the most heavily used and threatened ecosystems (Levin 
et al. 2001; Kennish 2002; Sandwell et al. 2009; Villnäs et al. 2012). These human stressors 
include overfishing, land development, climate change, nutrient and sediment run-off, 
pollutants and invasive species (Levin et al. 2001; Thrush et al. 2013; Ellis et al. 2015; Van 
Colen et al. 2015). Stressors affect ecosystem functioning through altering environmental 
parameters including sediment grain size, metal concentrations and porewater nutrient 
concentrations in the sediment (Thrush et al. 2004; O’Brien et al. 2009; Ellis et al. 2017; 
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Douglas et al. 2018). Stressors also indirectly impact ecosystem functions and services 
through influencing macrofaunal and bacterial communities (Kennish 2002; Thrush et al. 
2004; Dolbeth et al. 2007). Increased stressors can cause reduction in macrofaunal 
numbers, size classes and in some cases loss of a species within a system (Solan et al. 2004; 
Dolbeth et al. 2007; Norkko et al. 2013; Ellis et al. 2015).   
Two of the biggest stressors facing estuaries globally are sedimentation and nutrient 
enrichment (Levin et al. 2001; Dolbeth et al. 2007; Thrush et al. 2013; Douglas et al. 2018). 
Sedimentation has increased with intensification of land development and clearing in both 
urban and rural areas, increased agriculture intensification, forestry clearance and erosion 
(Thrush et al. 2003a, 2004; Bierschenk et al. 2017). Increasing sedimentation results in 
muddying of the estuary, an increase in <63 µm sediment which alters sediment properties 
such as median grain size and permeability (Kennish 2002; Thrush et al. 2003b, 2004; 
Bierschenk et al. 2017). Changing sediment properties from increased mud (<63 µm) 
content alters diffusion rates of solute and oxygen exchange, surface area available for 
bacterial processes, light penetration depth within the sediment, and turbidity levels in the 
water column (Thrush 2003; Pratt, et al. 2013; Huettel et al. 2014; Douglas et al. 2018). This 
increase in muddiness affects macrofauna leading to reductions in size, biomass and in 
extreme sedimentation events from floods, entire  macrofaunal communities can be 
smothered (Thrush et al. 2003a, 2006; Jones et al. 2011a; Norkko et al. 2013). These factors 
all affect ecosystem functioning and result in the degradation of estuarine health (Thrush et 
al. 2004). 
Nutrient enrichment is increasing in estuaries worldwide due to increased human 
activities in river catchments and around estuaries, such as development, increased 
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agricultural intensification and sewage outflow, resulting in higher nutrient run off from 
both diffuse and point sources (Kellyl et al. 1985; Levin et al. 2001; Heggie 2006; Ellis et al. 
2017). Increasing nutrients can initially benefit the system due to higher primary production 
which increases food availability, however excess nutrients results in eutrophication which 
is an increase in the supply rate of organic matter into the ecosystem beyond the ability of 
the system to assimilate (Pinckney et al. 2001; McGlathery et al. 2007; Ellis et al. 2017). 
Eutrophication from nutrient enrichment directly results in excessive algal growth, algal 
blooms which can be toxic, indirectly reducing light levels and creating anoxic events which 
can kill macrofaunal communities (Kellyl et al. 1985; Bonsdorff et al. 1997; Pinckney et al. 
2001; McGlathery et al. 2007; Teichberg et al. 2010; Ellis et al. 2015). High levels of nutrients 
can directly reduce macrofaunal communities due to the sensitivity of individuals to high 
nutrient levels which may be toxic for some species (Diaz and Rosenberg 1995; Dolbeth et 
al. 2007; Marsden and Bressington 2009; O’Brien et al. 2009; Douglas et al. 2017). 
Reductions in ecosystem functions such as nutrient cycling and primary productivity are 
altered due to eutrophication causing declines in estuarine health. 
Sedimentation and nutrient enrichment often occur at the same time from diffuse 
and point sources (Thrush et al. 2003a; Bierschenk et al. 2017; Ellis et al. 2017; Douglas et al. 
2018). The effects of stressors can be individual, however in most systems  stressors often 
act together with these effects being cumulative, additive, synergistic or antagonistic (Crain 
et al. 2008; Thrush et al. 2012; Thrush et al. 2014; Ellis et al. 2017; O’Meara et al. 2017). The 
effects of individual stressors have been well documented but understanding how multiple 
stressors influence ecosystem functions is much harder to predict due to the complex 
interactions and feedbacks (Crain et al. 2008; Thrush et al. 2012, 2014; Ellis et al. 2017; 
O’Meara et al. 2017). It is important for the management of estuarine health to understand 
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how changing levels of stressors affect ecosystem functioning as small increases in a 
stressor can lead to large changes in estuarine functions which affect the health of the 
estuarine system.   
1.6 Rationale  
New Zealand’s estuaries are under stress from increased nutrient and sediment loads from 
current and historic land intensification in the catchments (Thrush, et al. 2003; Gibbs and 
Hewitt 2004; Heggie and Savage 2009; Sandwell et al. 2009; Jones et al. 2011; Thrush et al. 
2013). New Zealand estuaries are particularly vulnerable to increased sedimentation as 
most of them are sand dominated, biologically diverse and have a short history of 
catchment development, loss of native forest and changes in land use have led to increased 
levels of mud accumulating in estuaries around the country (Thrush et al. 2004, 2013; Pratt 
et al. 2015a). Issues of nutrient enrichment in New Zealand, while not at the level of many 
estuaries around the world, are starting to increase due to intensification of agriculture, 
forestry and urban development and stormwater/sewage outflows (Heggie and Savage 
2009; Thrush et al. 2013).  Some estuaries in New Zealand are starting to show signs of 
eutrophication with increased nuisance algal growth and declining macrofaunal 
communities in some regions of the estuary (Heggie and Savage 2009; Robertson and 
Stevens 2013; Thrush et al. 2013; Douglas et al. 2018). 
Understanding how increasing stressors such as nutrient enrichment and 
sedimentation affect ecosystem functions controlled by microbes (for example, extracellular 
enzyme activities) is important for determining estuarine health which informs management 
decisions. Equally the influence of these stressors on macrofaunal composition, traits, 
abundance and biomass and these subsequent indirect effects on ecosystem functions is 
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crucial to determine the potential of future effects from increased anthropogenic stressors. 
An increasing volume of research in estuaries has investigated how individual and multiple 
stressors affect ecosystem functioning (Crain et al. 2008; Thrush et al. 2014; Ellis et al. 2017; 
O’Meara et al. 2017). Increasingly research is also focusing on how stressors influence 
macrofaunal species composition and functional traits and how these changes will influence 
ecosystem functions (Thrush et al. 2006; Reiss et al. 2009; Norkko et al. 2013; Snelgrove et 
al. 2014). In contrast there is limited research on extracellular enzyme activity in estuarine 
sediments (Hoppe et al. 2002; Arnosti et al. 2014). 
There is a paucity of studies investigating the intraspecific trait of bivalve size and 
how size affects ecosystem functioning (Thrush et al. 2006; Norkko et al. 2013). Bivalve size 
class structure is changing due to the vulnerability of large individuals to increasing levels of 
stressors (Thrush et al. 2006; Norkko et al. 2013). Large individuals are more vulnerable to 
reduction due to low population, slow growth rates, stress responses and from 
overharvesting which often targets these large individuals (Solan et al. 2004; Thrush et al. 
2006; Norkko et al. 2013; Snelgrove et al. 2014). Understanding how the removal of these 
large individuals and subsequent change in size class structure will influence ecosystem 
functions, changes in habitat, spatial distribution and macrofaunal communities is important 
to determining how estuarine health and functioning will change with increasing stressors 
(Solan et al. 2004; Thrush et al. 2006; Rossi et al. 2008; Norkko et al. 2013; Snelgrove et al. 
2014). An in situ manipulative experiment using Austrovenus with two different size classes 
explored the influence of size on ecosystem functions and extracellular enzyme activities 
(Chapter 2). Understanding how functioning changes with different size classes of bivalves 
while standardising for biomass provides information about how systems may change as key 
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bivalve size and biomass is reduced from increased stressors, sedimentation and nutrient 
enrichment.  
Species effects on ecosystem functions are context dependent and can vary between 
muddy (<63 µm) and sandy sediments (Needham et al. 2011). Understanding the effects of 
nutrient enrichment in sandy versus muddy sediment and how key bivalves influence this 
relationship is important for managing the health of estuarine systems. However, there is 
limited research into the effects of nutrient enrichment across sedimentary gradients of 
increasing mud content on ecosystem functions (for example see, O’Brien et al. 2009, 
Douglas et al. 2018) and to my knowledge there has been no research on the effects  of 
nutrient enrichment or sediment type on extracellular enzyme activities. My research used 
two in situ nutrient enrichment experiments in muddy and sandy sites to contrast the 
differences in ecosystem responses between the sedimentary types (Chapters 3 and 4). The 
effect on extracellular enzyme activities (Chapter 3), nutrient regeneration and primary 
production (Chapter 4) was measured to determine if responses to nutrient enrichment are 
different between sandy and muddy (< 63 µm) sediments. Key bivalve size and the effect of 
these bivalves on influencing the response to nutrient enrichment in muddy (< 63 µm) and 
sandy sediments were investigated to determine if the influence is context dependent. The 
results are important to determine how estuarine functions might change as estuaries face 
increasing stress from nutrient enrichment and sedimentation and whether muddy 
sediments are more vulnerable to reductions in ecosystem functions than sandy sediments.  
I have used in situ experiments as this method allows for natural variability in biological and 
environmental factors which influence ecosystem functioning to be included in the 
experiment. There are many environmental factors affecting ecosystem functions within the 
sediment such as chemical gradients, biodeposition and macrofaunal abundance which 
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would not be taken into account if using laboratory experiments, therefore in situ field 
experiments can provide a more realistic understanding of what drives individual ecosystem 
functions (Thrush et al. 2006, 2014). 
1.7 Thesis outline 
This study uses in situ field experiments to answer the three research questions. Firstly how 
does changing size class structure of the key bivalve Austrovenus influence ecosystem 
functioning? Secondly, how does nutrient enrichment influence extracellular enzyme 
activities in sediment and does the response change with increasing mud content and 
presence of large or small bivalves of two species (Austrovenus and Macomona)? Thirdly, 
how does nutrient enrichment affect nutrient regeneration and primary production in 
muddy and sandy sediments and the role of Macomona and Austrovenus size on this 
relationship? 
I predict that the effects of nutrient enrichment will be more pronounced in muddy 
sediments than sandy sediments, with reductions in ecosystem functions (nutrient 
regeneration, primary production and extracellular enzyme activity rates) occurring in the 
muddier sediment. Further I predict that large bivalves will be important drivers of 
ecosystem functions and that they will help to moderate the effects of nutrient enrichment, 
but that the positive effects of these large bivalves and macrofauna will be lost as sediment 
mud content increases. 
The data chapters 2 – 4 are written as publications, so repetition of some material, 
notably methods, is expected. The intended journals where the manuscripts are (or will be) 
submitted are listed below.  
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Chapter 2: Does the size structure of venerid clam populations affect ecosystem functions 
on intertidal sandflats?   
This chapter has been written as a manuscript and is submitted to the Journal Estuaries and 
Coasts. I led the project design, field work, lab work and I analysed the data and wrote the 
manuscript. Publication submission title and authors are below.  
Submitted to Estuaries and Coasts:  
Does population size structure of venerid clam populations affect ecosystem functions on 
intertidal sandflats? (2019). Thomas, S.F., Pilditch, C.A. Thrush, S.F. Baltar, F., Crawshaw, J.A. 
Thomson, B.T., Savage, C.  Submitted to the Journal Estuaries and Coasts 
 
Chapter 3: Influence of sediment grain size on bacterial extracellular enzyme activities in 
estuarine sediments 
This chapter has been written as a manuscript and with intended submission to the Journal 
of Experimental Marine Biology and Ecology. I led the project design of this chapter and the 
field work, lab work along with the analysis and write up of the chapter.  
Planned submission to the Journal of Experimental Marine Biology and Ecology: 
Influence of sediment grain size on bacterial extracellular enzyme activities in estuarine 
sediments (2019). Thomas, S.F. Pilditch, C.A. Thrush, S.F. Baltar, F. Crawshaw, J.A. Thomson, 




Chapter 4: Mud content changes nutrient regeneration and primary productivity response 
to nutrient enrichment in soft sediment habitats 
This chapter has been written as a manuscript with the aim of submitting it to the Journal 
Marine Ecology Progress Series. I led the project design of this chapter and the field work, 
lab work along with the analysis and write up of the chapter.  
Proposed title and authors for submission in the Journal Marine Ecology Progress Series: 
Mud content changes nutrient regeneration and primary productivity response to nutrient 
enrichment in soft sediment habitats (2019). Thomas, S.F. Pilditch, C.A, Thrush, S.F. Savage, 
C. 
  
Chapter 5: General discussion and Conclusions 
This chapter provides a synthesis of the key findings and results from the chapters 2 – 4. It 
provides a synthesis of thesis chapters on how ecosystem functions change in estuaries with 
increasing nutrients and sedimentation and how bivalve size affects these changes and 
functioning across the estuaries. The chapter will highlight key conclusions and directions 





2 Does the size structure of venerid clam populations affect 
ecosystem functions on intertidal sandflats?  
 





Estuaries are hotspots for biogeochemical cycling, with bivalves integral to many ecosystem 
functions. Anthropogenic activities often cause reductions in biomass and abundance of key 
bivalve species in estuaries worldwide. Large bivalves are particularly vulnerable due to their 
slow growth, low replacement rates and propensity for being overharvested, however there 
is a paucity of studies on how declines in bivalve size and density affect ecosystem 
functions. An in situ manipulative experiment was conducted on a New Zealand intertidal 
sandflat in late summer (March to May 2017) to investigate changes in ecosystem functions 
(sediment nutrient regeneration, primary production, community metabolism and microbial 
activity) across a biomass gradient (0-4 kg wet weight m-2) of small (shell length, SL <25 mm) 
and  large (SL >30 mm) venerid clams (Austrovenus stutchburyi). Bird predation reduced the 
biomass of small clams, so ecosystem functions were normalised to per kilogram of wet 
weight. Small clams significantly increased gross primary production by ~3x and net primary 
production by ~7x compared to large clams. Small clams also doubled activity rates of 
microbial enzymes associated with nutrient cycling and organic matter breakdown (leucine 
aminopeptidase and alkaline phosphatase). By contrast, nitrate/nitrite flux was significantly 
greater with large clams. Macrofaunal species diversity and mud content also influenced 
benthic nutrient cycling, possibly due to increased sediment reworking that alters solute flux 
rates. Results demonstrate how different size classes of venerid clams influence 
complementary ecosystem functions. Accordingly, a skewed size class distribution of 




Marine sediments are one of the most widespread habitats worldwide (Snelgrove et al. 
1997) with coastal and estuarine soft sediments crucial hotspots for biogeochemical cycling 
and productivity (Snelgrove 1998; Levin et al. 2001; Bolam et al. 2002; Thrush et al. 2006; 
Belley et al. 2016). Underpinning these processes are macrofaunal, meiofaunal and 
microbial communities which influence nutrient cycling, carbon storage, and primary and 
secondary production (Snelgrove 1998; Thrush et al. 2006; Snelgrove et al. 2014; Karlson et 
al. 2016). Biogeochemical processes in the sediment such as degradation of organic matter 
and nutrient remineralization are driven by microbes via extracellular enzymatic activities, 
while the microbes in turn are influenced by the activities of macrofaunal communities 
(Boschker and Cappenberg 1998; Norkko et al. 2001; Hiroki et al. 2007; Böer et al. 2008; Bell 
et al. 2013; Pratt et al. 2015). Macrofauna play a critical role in influencing many ecosystem 
functions including nutrient regeneration, primary production, sediment metabolism and 
microbial enzyme activity rates (Sandwell et al. 2009; Snelgrove et al. 2014; Woodin et al. 
2016). While macrofaunal species richness is positively linked to ecosystem functions, 
dominant species or key functional groups such as suspension-feeding bivalves are often 
more important than biodiversity per se (Snelgrove et al. 1997; Snelgrove 1998; Lohrer et al. 
2004; Raffaelli et al. 2010; Norkko et al. 2013; Karlson et al. 2016).  
Multiple stressors, notably sedimentation, excess nutrient run-off from land, 
overfishing and coastal alteration, threaten nearshore ecosystems (Snelgrove et al. 2014; 
Thrush et al. 2006; Van Colen et al. 2015; Villnäs et al. 2012) and alter benthic community 
composition (Thrush et al. 2006; Reiss et al. 2009; Norkko et al. 2013). Large bivalves often 
dominate biomass in soft sediments (Thrush et al. 2006; Norkko et al. 2013; Woodin et al. 
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2016) and are particularly prone to local extinction or density reductions due to slow 
growth, low population replacement rates following overharvesting and stress responses 
(Norkko et al. 2013; Snelgrove et al. 2014; Solan et al. 2004; Thrush et al. 2006). Past studies 
have demonstrated that the presence or absence of these key organisms influence 
hydrodynamics, bioturbation and sediment displacement, microbial activity, nutrient fluxes 
and organic matter processing rates (Norkko et al. 2001; Mermillod-Blondin et al. 2004; 
Thrush et al. 2006; Böer et al. 2008; Norkko et al. 2013; Kristensen et al. 2014; Woodin et al. 
2016). However, few studies have investigated how the size of a key organism affects 
ecosystem functions (see Thrush et al. 2006; Reiss et al. 2009; Norkko et al. 2013 for 
exceptions). Bivalve size (indicated by shell length (SL) in this study) is a fundamental trait 
affecting physiological rates, mobility, depth of burial and energy demand (Zaklan and 
Ydenberg 1997; Thrush et al. 2006; Dame 2012; Norkko et al. 2013; Lezcano et al. 2016; 
Woodin et al. 2016). Changes in the size structure of bivalve populations can change 
ecosystem functions due to reductions in excretion and feeding rates (metabolic theory), 
and differences in sediment displacement due to different burial depths and activity levels 
of large and small bivalves (behavioural differences) (Zwarts and Wanink 1989; Thrush et al. 
2006; Dame 2012; Norkko et al. 2013; Lezcano et al. 2016; Woodin et al. 2016).  
In New Zealand estuaries, the suspension feeding venerid clam Austrovenus 
stutchburyi (common name New Zealand cockle, hereafter Austrovenus) is a key species 
that often dominates the intertidal macrofaunal biomass stimulating nutrient fluxes and 
enhancing benthic primary productivity (Sandwell et al. 2009; Jones et al. 2011; Adkins et al. 
2014). Austrovenus can grow large (>40mm shell length, SL), matures at approximately 18 
mm SL and forms dense aggregations with an average abundance of 1000–1800 ind.m-2 and 
maximum abundances up to 3500 ind.m-2 on the North Island, New Zealand (Sandwell et al. 
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2009; Jones et al. 2011; Adkins et al. 2014). Analogous to large bivalves in estuaries 
worldwide (Lotze et al. 2006; Airoldi and Beck 2007), Austrovenus populations are declining 
with a loss of large individuals in particular due to overharvesting and other anthropogenic 
stressors (Cummings et al. 2007).  
This study is the first study to investigate how different size structures of bivalve 
populations impact ecosystem functions in intertidal soft sediment habitats. A gradient in 
biomass (0–4 kg m-2) of large (SL >30 mm) and small (SL <25 mm) Austrovenus was 
established in situ and the effect on benthic primary productivity, nutrient cycling and 
microbial activity measured. We predicted that small individuals would increase nutrient 
regeneration and primary production owing to higher weight-specific metabolic rates 
compared to large individuals (Dame 2012) (hypothesis 1). Further, it was anticipated that 
size-specific behavioural differences (burial depth and activity rates) would influence 
ecosystem functions via differences in oxygenation levels within the sediment and also 
influence rates of microbial activity (hypothesis 2). Specific predictions of how size would 
influence ecosystem functions were difficult to make a priori due to the complexity of 
interactions and feedbacks between behaviour, physiological rates and sediment 
biogeochemistry. Overall, we anticipated differences in the ecosystem functions between 
large and small Austrovenus populations with increased rates of nutrient cycling and 
productivity at higher biomass (hypothesis 3).     
2.3 Methods 
2.3.1 Study site and experimental set up 
Jacobs River estuary is a tidally dominated 720-ha shallow (1–2 m at high tide) estuary near 
Riverton in Southland, South Island, New Zealand (Robertson and Stevens 2011). The 
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experiment was established in the mid region of the estuary (46°20.933’S 167°59.946’E) on 
intertidal sandflats with an average Austrovenus density of 549 ind m-2 and average biomass 
(wet weight) of 4.2 kg m-2 (mean SL 30 ± 5 SD mm; n=122). The experiment was established 
on the 15–16 March 2017 (late summer) using two size classes of Austrovenus: large (SL >30 
mm) and small (SL <25 mm), which represented the upper and lower shell lengths of 
individuals in the mid intertidal area in this estuary. Upon completion of the experiment, 
150 small and 150 large Austrovenus from the treatment plots were measured and 
confirmed a mean SL of 35 ± 4.3 SD mm for the large clams and 23 ± 5.2 SD mm for the 
small clams. Seven 1-m2 plots of the large SL class and seven 1-m2 plots for the smaller SL 
class were set up parallel to the main channel, ensuring environmental conditions and tidal 
inundation times were consistent across plots (Table 1). Biomass was established as a 
gradient in 1 kg (wet weight) increments from 0 kg m-2 to 4 kg m-2 for each SL class, with 
replicates of the 1 kg m-2 and 4 kg m-2 treatments to account for variability in the higher and 
lower ends of the biomass gradient.  The experimental biomass is representative of the 
natural biomass for this species in Jacobs River estuary and similar estuaries in the region 
(Robertson and Stevens 2011). 
To create the 1-m2 experimental plots, Austrovenus were initially removed to 5 cm 
(the depth at which large Austrovenus reside) using gentle finger ploughing and small 
handheld rakes. Austrovenus from each plot were sieved, measured and allocated to the 
two SL classes. Clams from each SL class were weighed then placed into experimental plots 
at the correct biomass. Individuals were gently pressed into the sediment in the natural 
orientation to facilitate burrowing after tidal immersion. Observation of the plots the day 
after establishment showed no signs of mortality and all Austrovenus individuals had 
burrowed into the sediment (evident by siphon holes). Treatment plots were left for ~ eight 
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weeks before solute flux measurements were undertaken allowing time for plots to recover 
from potential setup disturbances and create a continuous gradient of biomass through 
Austrovenus natural movement and mortality (Sandwell et al. 2009).  
2.3.2 In situ incubations  
Dissolved nutrients (ammonium, nitrate/nitrite and phosphorus) and oxygen fluxes across 
the sediment-water interface were measured using paired light and dark benthic chambers 
(50 cm x 50 cm, 0.25 m-2, 30 L volume). Nutrient and oxygen fluxes indicate ecological 
processes which underpin ecosystem functions of primary production, organic matter 
remineralisation, and inorganic nutrient uptake by microalgae and microbes (Pratt et al. 
2013, 2015). Benthic flux measurements were based on standard methods (Sandwell et al. 
2009; Lohrer et al. 2010; Lohrer et al. 2012; Pratt et al. 2013) and conducted over two 
consecutive days, with midday high tides and sunny, calm conditions (9–10 May 2017, late 
Autumn). Light chamber flux measurements were conducted on day one and dark chamber 
flux measurements on day two. Briefly, water samples were collected at the start and end of 
a ~5-h incubation period. The samples were analysed immediately for dissolved oxygen 
concentration using a hand-held YSI probe (YSI ProODO, Optical Dissolved Oxygen 
Instrument), filtered through Thermo Scientific nylon syringe filters (0.45 µm) into an acid-
washed 25-ml vial, which was frozen for subsequent nutrient analysis. To account for any 
water column effects on benthic solute fluxes, two 1 L light containers and two 1 L dark 
containers were filled with ambient sea water, incubated alongside the chambers and 
sampled in a similar manner. (Water column solute fluxes accounted for < 5 % of the 
benthic fluxes). Benthic chambers were not mixed during tidal inundation.   
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During the incubations, three HOBO light and temperature loggers (Onset HOBO 
Pendent® Temperature/Light 64K data logger) were attached to the sediment surface (one 
at each end of the treatment plots and one in the middle) to quantify light intensity and 
water temperature during the incubations.  
2.3.3 Macrofauna and sediment sampling 
After the benthic chamber incubations on day two, three sediment syringe cores (30 mm 
diameter) were taken in each of the plots to a depth of 20 mm, pooled and frozen for 
analysis of chlorophyll a (chl a), phaeopigments, sediment organic matter content (hereafter 
OM), median grain size, porosity and bacterial extracellular enzyme activity. Porewater 
nutrient sampling followed Douglas et al (2018) using pooled sediment samples from four 
syringe cores collected at each plot (20 mm deep). A macrofaunal core (13 cm diameter, 15 
cm depth) was taken from the centre of each chamber, sieved (500 µm mesh) and sieve 
contents preserved in 70% isopropanol alcohol for identification. In addition, a 0.25 m2 
quadrat was placed in the centre of four treatment plots (4 kg small and large, 0 kg small 
and large) and excavated to 15 cm to quantify the abundance, biomass and SL of Macomona 
liliana (hereafter Macomona). Macomona were sampled as they are large, surface deposit-
feeding bivalves which influence ecosystem functions, benthic community composition and 
sediment characteristics (Thrush et al. 2006; Pratt et al. 2015; Karlson et al. 2016; Woodin et 
al. 2016). Since the biomass and abundance of Macomona were similar in all four plots 
(abundance: 22, 23, 18 and 22 individuals per 0.25 m2) other treatment plots were not 
sampled.  At the end of sampling, all fourteen 1 m2 treatment plots were excavated to 5 cm, 
the sediment sieved (500 µm mesh) and Austrovenus in each plot weighed. To obtain a final 
mean SL for the large and small clam treatments, three plots from the large and three from 
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the small SL class plots were sampled and 50 randomly selected individuals from each of 
these plots measured (n=150 large and small).  
2.3.4 Laboratory analyses 
Sediment chl a and phaeophytin pigment concentrations were determined by the addition 
of 90% buffered acetone to freeze-dried samples. The fluorescence was measured before 
and after acidification with a Turner designs 10-AU Fluorometer, with pigment 
concentrations reported as µg g-1 dry weight (DW) sediment. Sediment grain size and mud 
content were analysed with a Malvern Mastersizer 2000 after removal of particles and shell 
hash >1.4 mm and preparing them with 10 % hydrogen peroxide to dissolve any organic 
matter, followed by addition of 1 % Calgon to disperse the particles. Porosity was 
determined from the weight difference in wet and dry (60°C for 24 h) sediment aliquots and 
organic matter content (OM) was from the difference in dry and ashed (550°C for 4 h) 
sediment.  Porosity measurements were used to calculate the concentrations of porewater 
nutrients and extracellular enzyme activity (EEA). Dissolved nutrient concentrations 
(ammonium, nitrate/nitrite and phosphorus) from the benthic chambers, water column and 
porewater samples were analysed with a Lachat Quickchem 8500 series 2 Flow Injection 
Analysis (FIA) autosampler using standard Lachat® methods. 
Macrofauna were identified to species level where possible under a microscope, 
counted and weighed after blot drying. Species diversity was calculated using the Shannon 
diversity index (H’).  
2.3.5 Extracellular enzymatic activity assays 
Extracellular enzymes are important in the breakdown of organic matter, nutrient 
regeneration and other components of ecosystem functioning (Hiroki et al. 2007; 
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Sinsabaugh et al. 2009; Bell et al. 2013; Jackson et al. 2013; Hill et al. 2014). The potential 
activity rates of the enzymes β-glucosidase (BGase), alkaline phosphatase (APase), sulfatase 
(SULFase) and leucine aminopeptidase (LAPase) were determined by the hydrolysis of the 
fluorogenic substrate analogues (Hoppe 1983). BGase is an important enzyme in the 
breakdown of carbon with its activity rate used as a measure of carbon acquisition. LAPase 
is related to nitrogen acquisition, since this enzyme is involved in the cleaving and 
breakdown of macromolecules containing nitrogen. APase activity is related to phosphorus 
acquisition and the breakdown of phosphorus containing organic matter, and SULFase 
activity is related to the acquisition of sulphur (Hiroki et al. 2007; Sinsabaugh et al. 2009; 
Bell et al. 2013; Jackson et al. 2013; Hill et al. 2014).   
  The procedure followed the method outlined by Boer et al. (2009) using a subsample 
of frozen sediment (0-2 cm) from each plot. To create the sediment slurry for extracellular 
enzyme activity, 0.5 g of wet sediment was added to a 15 ml falcon tube with 5 ml of 
sterilized (autoclaved, 0.22 µm filtered) seawater. For each sediment sample five analyses 
were conducted (4x enzyme treatments and 1 control). 172 µl (500 nM) of each substrate 
was added to the sediment slurries which were agitated for 10 min on a shaker. An extra 10 
ml of sterilized seawater was then added and centrifuged for 10 min at 2800 G. 290 µl of 
supernatant was pipetted into each of the 6 technical replicate wells included for each 
substrate in low protein binding 96 well microplates. An initial reading was taken with a 
Spectramax M2 spectrofluorometer (Molecular Devices, USA) at excitation and emission 
wavelengths of 365 and 445 nm respectively. The microplates were wrapped in aluminium 
foil and incubated for 3 h at 14ºC, the in situ temperature for the site at the time of the 
experiment. A final reading was taken after the 3 h incubation. The increase in fluorescence 
over time was transformed into hydrolytic activity using a standard curve established with 
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different concentrations of the fluorochromes 4-methylumbelliferyl (MUF) and 4-
methylcoumarinyl-7-amide (MCA) (Hoppe 1983; Bell et al. 2013; Baltar et al. 2017), with 
extracellular enzyme activity reported in nmol h-1 g-1 DW. 
2.3.6 Data analysis 
The measured nutrient and oxygen fluxes were used to calculate measures of primary 
productivity, sediment oxygen consumption, nutrient regeneration and uptake by 
microphytes (Pratt et al. 2015). Net primary production (hereafter NPP, mmol m-2 h-1) and 
sediment oxygen consumption (hereafter SOC, mmol m-2 h-1; a measure of chemical oxygen 
demand and total community metabolism) are the fluxes of oxygen in the light and dark 
chambers, respectively. Gross primary production (hereafter GPPchl a, mmol O2 µg chl a g-1 
m-2 h-1) is calculated from NPP-SOC and standardised by sediment chl a concentration to 
account for variation in microphytobenthos (MPB) biomass and therefore is an indicator of 
photosynthetic efficiency. Nutrient fluxes (ammonium (NH4+-D), nitrate + nitrite (NOx-D) 
and phosphate (PO4--D)) are reported for dark chambers only (in the absence of uptake by 
MPB) and are an indicator of nutrient regeneration. 
Bird predation in the eight weeks between the establishment of the experimental 
plots and the chamber measurements resulted in similar densities of small Austrovenus 
across all plots (see Results). Therefore, to compare small and large clam treatments we 
normalised measures of ecosystem function (SOC, NPP, GPPchl a, nutrient fluxes, and all 
enzyme activity) by the wet weight of Austrovenus in each plot. T-tests using Microsoft Excel 
2016 were used to compare each ecosystem function between large and small individuals 
on a per kg basis. To determine the significance of treatment effects on the macrofaunal 
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community, t-tests were performed on non-normalised macrofaunal community 
abundance, species richness (S) and Shannon diversity (H’) data.  
  Distance-based linear models (DistLM) were used to assess the importance of co-
variables (infaunal community metrics and sediment properties) in explaining variation in 
the measures of ecosystem function. DistLM is a multiple regression routine which uses the 
Euclidean distance resemblance matrix based on the measured ecosystem functions and 
regresses it against a set of explanatory variables that included univariate macrofaunal 
community variables (abundance, H’, S), sediment properties (OM, mud content [Mud], 
porewater nutrient concentrations (NH4+-pw,  PO4--pw, NOx-pw). Biomass normalised data 
were pooled across SL treatments and marginal tests within DistLM used to identify single 
predictor variables that explained a significant amount of variation in the ecosystem 
functions. A BEST fit selection procedure in DistLM based on the corrected Akaike 
information criterion (AICC) was then used to identify which combination of predictor 
variables explained the most variation in ecosystem functions. These ‘best’ models indicate 
a goodness of fit to the data, with models containing the lowest AICc considered the most 
parsimonious. DistLM analyses were conducted using Primer v7 with PERMANOVA+ add on 
(Clarke & Gorley 2015).  
2.4 Results 
2.4.1 Environmental variables 
OM, mud content and median grain size did not vary substantially within or between the 
large or small clam treatment plots (Table 2.1). Similarly, sediment chl a concentration 
varied little between treatments plots with an average of 9.3 and 9.1 chl a µg g-1 for the 
large and small clam plots respectively. NH4+-pw (926 µM vs 878 µM) and PO4--pw (49-59 
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µM) concentrations were also similar between the large clam and small clam treatment 
plots however NOx-pw was higher (1.7x) in the large clam treatment (Table 2.1). The light 
conditions were similar on the two days of flux measurements with light intensity averaging 
14717 ± 1356 (1 SD) lux on day 1 and 19096 ± 2593 lux on day two. Since the light chamber 
measurements were made on day one and the dark chambers on the second day, this 
negligible difference did not affect the solute flux measurements. Mean water temperature 




Table 2.1. Sediment properties and macrofaunal community parameters measured at the end of the 
experiment in Large and Small clam treatment plots. Values are means and the range is given in 
parentheses (n=150 for Austrovenus SL and 7 for all other parameters). Macrofaunal core area was 
133-cm2 
Variable Table  Small clam   Large clam 






Organic content (OC; %) 1.5 (1.3–1.7) 
 
1.4 (1.2–1.7) 
Mean grain size (µm) 152 (150–153) 
 
154 (152–155) 
Mud (% particles <63µm) 3.8 (1.1–5.0) 
 
4.6 (4.2–5.1) 
Porewater concentrations (µM) 
  
  
Ammonium (NH4+-pw) 927 (679–1612) 878 (538–1383) 
Phosphorus (PO4--pw) 58 (44–72) 
 
50 (22–126) 
Nitrate/nitrite (NOx -pw) 50 (30–7) 
 
84 (51–120) 
Microphytobenthic biomass (µg g-1 DW sed) 
  
  
Chlorophyll a  9.1 (8.5–10.0) 
 
9.3 (8.1–10.8) 
Phaeophytin 7.3 (7.1–8.0) 
 
7.4 (6.4–8.6) 
Macrofauna (n core-1) 
  
  
S (species richness) 12 (8–17) 
 
9 (6–13) 
N (number of individuals) 42 (25–71) 
 
42 (13–69) 
H’ (Shannon diversity) 2.17 (1.9–2.55)  1.86 (1.6–2) 
 
2.4.2 Benthic community 
In the large clam treatment plots, there was an increase in Austrovenus biomass between 
establishment of the plots and the flux measurements (~ 8 weeks later), and a gradient of 
biomass was established ranging from 1.5 to 5.5 kg m-2 (Figure 2.1). For the large clam 
treatment the final mean SL was 35 mm with a range of 14-47 mm. In contrast, by the end 
of the experiment the biomass in the small clam treatment plots was reduced to 
approximately 1 kg m-2 across all treatments (Figure 2.1). This reduction in small clam 
biomass was mostly likely a result of bird predation as the site had abundant waders 
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(variable oyster catcher [Haematopus unicolor] and pied oystercatcher [Haematopus 
finschi]) and shell hash remains were consistent with bird predation (pers. obs). The mean 
SL of clams in the small clam treatment plots was 23 mm with a range of 8-35 mm. There 
was no significant difference in macrofaunal abundance (excluding Austrovenus), or species 
richness between the large clam and small clam treatment plots, however there was a 
significant difference in Shannon diversity (p = 0.006) with a higher diversity in small clam 
treatment plots. Macrofaunal densities and species richness were similar to other intertidal 
sandflat habitats in New Zealand estuaries (e.g. Sandwell et al. 2009; Jones et al. 2011).   
 
Figure 2.1. Biomass (kg wet weight m2) of Small and Large Austrovenus, at the start (black) and end 
(white) of the experiment 8 weeks later 
2.4.3 Ecosystem Functions 
When normalised for Austrovenus biomass NOx-D fluxes were influenced by clam SL, with a 
net regeneration (efflux) for large clam treatment plots but a net influx (or uptake) for the 
small treatment plots (Table 2.2). There was no significant treatment effect for either NH4+-
D or PO4--D, however NH4+regeneration tended to be higher with small SL individuals (Table 
























recorded in the small clam treatments (Table 2.2). Similarly, NPP was also higher (7x) in 
plots dominated by small bivalves compared to large bivalves (Table 2.2). There was 
however no significant difference in SOC between the two size classes. SL had a significant 
effect on the extracellular enzyme activity of LAPase and APase, with higher rates (~2x) 
occurring in the presence of small bivalves (Table 2.2). There was no SL effect on either 
BGase of SULFase activity.   
Seven co-variables were included in the DistLMs to investigate other factors besides 
Austrovenus SL that might explain variability in ecosystem functions.  Mud content was an 
important factor individually and in combination explaining variation in several ecosystem 
functions. In marginal tests Mud individually explained 61% of the variance in SOC, 
negatively affecting SOC and ~30% of the variance in nitrogen regeneration, which was a 
positive influence (NH4+-D and NOx-D fluxes). Mud also influenced some bacterial enzymes 
(Table 2.3). Macrofaunal community variables (H’ and S) independently were significant 
factors affecting NOx-D fluxes and SOC but were not retained in the BEST models. 
Macrofaunal species richness (S) explained 28% of the variation in phosphate fluxes and 
Shannon diversity (H’) was positively correlated with GPPchl a accounting for 14% of the 
variation  
Porewater nutrient concentrations influenced the activity rates of APase, BGase, 
SULFase and LAPase. NOx-pw concentrations were negatively correlated with the enzyme 
activity rates, while mud content positively influenced BGase and SULFase activities (Table 
2.3). Shannon diversity, species richness and NOx-pw were variables that contributed to 
explaining 63% of the variation in LAPase activity (Table 2.3).  
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Increasing biomass of large Austrovenus was positively related to primary 
productivity (GPPchl a), community metabolism (SOC) and extracellular enzyme activity of 
















Figure 2.2. Measured ecosystem functions (a) gross primary production (GPPchl a) (b) community metabolism (SOC) and (c) LAPase activity as a function of 
the biomass of Small (white symbols) and Large (black symbols) Austrovenus.  Linear fits are shown for the large size class only where there was a gradient 
in biomass across treatment plots (R2: GPP chl a = 0.53, p = 0.009; SOC = 0.33, p = 0.09; LAPase activity = 0.94, p = 0.06). Note only ecosystem functions with 

























































































Table 2.2. Mean Austrovenus biomass normalised ecosystem functions values (± 1 SD) as a function of size class (Large and Small) and t-test results for 
treatment effects (significant (p < 0.05) results are bolded). Dark chamber nutrient fluxes (NH4+-D, PO4--D, NOx-D) µmol kg-1 m-2 h-1; gross primary 
production (GPPchl a) net primary production (NPP) and sediment oxygen consumption (SOC) mmol O2 µg chl a kg-1 m-2 h-1; and extracellular enzyme 
activity (LAPase, BGase, SULFase, APase) nmol h-1 g-1 DW.  
  N-NH4+ D  P-PO4+D  NOx D  GPPchl-a  NPP  SOC  LAPase  BGase  SULFase  APase  
Mean  
         
  
Small 37.3 (± 30) 0.51 (± 2.2) -77.5 (± 102) 0.09 (± 0.03) 0.49 (± 0.5) -0.4 (± 0.3) 29 (± 7) 0.7 (±0.4) 1.3 (± 1.5) 35.5 (± 16.8) 
Large 25.5 (± 25) 1.2 (± 0.8) 66.5 (± 78) 0.03 (± 0.03) 0.07 (± 0.18) -0.29 (± 0.3) 17.3 (± 9) 0.56 (± 0.3) 1 (± 0.9) 15.6 (± 10) 
  
         
  
T-value 0.45 -0.76 -2.96 3.44 2.09 -1.03 2.74 1.33 0.39 1.81 




Table 2.3. Results of DistLM marginal tests and BEST models for Austrovenus biomass normalised ecosystem functions. Numbers represent the proportion 
variance explained individually by predictor variables (marginal tests) with the (+) or (-) denoting the direction of correlation. Values in bold are variables 
selected by AICc in the most parsimonious ‘BEST’ model with variation explained by these variables indicated by R2. Only significant predictor variables in 
marginal tests or ‘BEST’ model variables are included; *p < 0.1, **p < 0.05, ***p < 0.01. Predictor variable and ecosystem function abbreviations (and units) 
are given in Tables 1 and 2 respectively.  
  
  
Marginal tests results BEST 
Ecosystem 
functions H’ S OM Mud 
 
NH4+-pw PO4- -pw- NOx -pw R2 
NH4+-D 
   
0.30*  
   
0.30 
NOx-D 0.44 (-)*** 0.33 (-)** 0.10 0.33 (+)**  














   
0.25 
GPPchl a 0.14 (+) 
   
 
   
0.14 
SOC  0.26 (-)* 0.27 (-)* 
 
0.61 (-)***  
   
0.61 




0.37 (-)** 0.63 
BGase 
   
0.13 (+)  0.005 
 
0.35 (-)** 0.66 
APase 
    
 
 
0.001 (+) 0.42 (-)** 0.56 





A field manipulation experiment using small and large bivalves demonstrated for the first 
time that size (as shell length) when normalised for biomass affects productivity, nutrient 
regeneration and microbial activity in intertidal sandflats confirming our prediction of 
differences in ecosystem functions between sizes (hypothesis 3). When ecosystem functions 
are compared on a per kg basis, small Austrovenus increased GPPchl a (3x), NPP (7x) and the 
extracellular enzyme activity of LAPase and APase (2x), a proxy of nutrient remineralisation 
and organic matter breakdown highlighting our predicted weight specific differences in 
ecosystem functions (hypothesis 1). The increases in these ecosystem functions by small 
bivalves was most likely due to increased activity and respiration at a shallower burial depth 
than large individuals further supporting our prediction of weight specific metabolic 
differences (hypothesis 1). However, bird predation of the small size classes limited the 
biomass of small clams at the study site. By contrast, large individuals of Austrovenus 
maintained a gradient of biomass during the experiment and showed that increasing 
biomass of large clams was positively related to GPPchl a, SOC and LAPase activity. 
Therefore, while large bivalves are important for overall ecosystem functions at the estuary-
wide scale, small individuals proportionately stimulate benthic production and microbial 
activity supporting our hypothesis of size-specific behavioural differences between size 
classes (hypothesis 2). The findings demonstrate the importance of maintaining abundant 
and mixed population size structures of shellfish beds for ecosystem functions that underlie 
resilience of estuaries.  
 Behavioural and metabolic differences between large and small venerid clams likely 
account for the differences in the measured ecosystem functions. Austrovenus manipulates 
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the sedimentary environment and biogeochemical processes through burial depth and 
lateral sediment displacement (Sandwell et al. 2009; Jones et al. 2011; Woodin et al. 2016). 
Functionally similar bivalves like Cerastoderma edule, exhibit analogous size dependent 
depth distribution with larger individuals living relatively deeper in the sediment than 
smaller conspecifics (Zwarts and Wanink 1989; Zaklan and Ydenberg 1997; Lezcano et al. 
2016). With smaller clams living closer to the sediment surface, their excretion is more 
readily absorbed by microphytobenthos (MPB) thereby increasing benthic primary 
production (GPPchl a  and NPP). The increased influx of NOx-D into the sediment in the 
presence of small individuals may also partly reflect assimilation of nitrogen by MPB (Thrush 
et al. 2006; Jones et al. 2011) or stimulation of denitrification (Gongol and Savage 2016). 
Further, differences in excretion and feeding rates between small and large clams (Dame 
2012) may contribute to their different influences on productivity and nutrient cycling. 
The small clams not only increased primary productivity but also facilitated increased 
organic matter breakdown and nutrient cycling by stimulating bacterial extracellular enzyme 
activity. LAPase and APase activity, a proxy for organic matter breakdown and nutrient 
cycling (King 1986b; Hoppe et al. 2002; Hiroki et al. 2007; Hill et al. 2014), was almost 
double in the presence of small clams compared to the large clams. This may be due partly 
to higher densities of small clams relative to large clams of a comparable biomass and the 
additive effects of excretion and biodeposits from higher density of small Austrovenus 
stimulating microbes. Biodeposits from bivalves are a high quality organic matter source 
composed of labile carbon that can stimulate microbial activity (Boschker and Cappenberg 
1998; Norkko et al. 2001; Thrush et al. 2006; MacTavish et al. 2012). Microbial activity 
decreases with sediment depth, due to reduced microbial abundance and reductions in 
organic substrate availability (Mayer 1989; Hoppe et al. 2002; Mactavish et al. 2012; Oni et 
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al. 2015). Large Austrovenus have reduced activity and increased burial depth (Norkko et al. 
2001; Thrush et al. 2006; Dame 2012) where there is a lower abundance of microbes 
(MacTavish et al. 2012). Conversely, increased movement and activity of small Austrovenus 
at the surface sediment (Zwarts and Wanink 1989; Thrush et al. 2006; Norkko et al. 2013) 
would aerate the sediment to a greater degree, stimulating aerobic microbial activity and 
therefore extracellular enzyme release, while increasing the oxic/anoxic interface (area of 
oxygenated to non-oxygenated sediment) that enhances biogeochemical processes. In 
addition to clam size, extracellular enzyme activity rates in surface sediments were 
influenced by mud content, porewater nutrient concentrations (NOx, NH4+, PO4-) and 
macrofaunal species richness and diversity, reflecting the linkages between biophysical 
processes.  
The different size classes of bivalves can affect nitrogen cycling processes that 
determine whether sediments are a net source or sink of nitrogen, although this is context 
dependent. There was a switch from release of nitrate from the sediment (almost 2x higher 
efflux of NOx-D) with large individuals to an uptake into the sediment (influx of NOx-D) with 
small individuals (Table 2). This is likely in part due to the deeper burial depth and zone of 
activity of large individuals that may stimulate the release of porewater nutrients due to 
advection via their bioturbation and movement at depth (Mermillod-Blondin et al. 2004; 
Mermillod-Blondin et al. 2005; Thrush et al. 2006; Woodin et al. 2016). Small individuals 
potentially increase the activity of denitrifying bacteria by oxygenating more surface 
sediment with increased activity and stimulate benthic denitrification which would increase 
uptake of NOx into the sediment. Bioturbation and the presence of Austrovenus have been 
linked to increased denitrification in sediments (Thrush et al 2006; Jones et al 2011a; Gongol 
and Savage 2016), however this is the first study to show that the different burial depth and 
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activity rates of the two size classes potentially determines whether the sediment is a 
source or sink of NOx; this however, is likely to be context dependent (Gammal et al. 2019). 
Benthic SOC was similar between the two clam size treatments (Table 2) despite the 
anticipated weight-specific increased activity of small individuals (Sandwell et al. 2009; 
Dame 2012; Woodin et al. 2016). The normalization for biomass in this experiment removed 
the pronounced weight-specific respiration differences between the two size classes. In the 
current study, SOC was influenced by other factors including species diversity and mud 
content. Percent mud was highly significant reducing SOC with increasing mud content 
which is likely due to the reduced diffusion rate that occurs with changing mud content 
(Huettel et al. 2014; Douglas et al. 2018).  
Apart from Austrovenus size, the macrofaunal community and sediment properties 
also influenced ecosystem functions (Table 3). Higher diversity (H’) and species richness  
increased GPPchl a   and NOx-D fluxes, likely due to greater bioturbation across different 
depths and complementary feeding modes that, in turn, influence solute exchanges, 
oxygenation, organic matter burial and denitrification (Emmerson et al. 2001; Bolam et al. 
2002; Thrush et al. 2006; Norling et al. 2007; Kristensen et al. 2014; Belley and Snelgrove 
2016; Karlson et al. 2016). Phosphate regeneration increased with species richness most 
likely due to increased advection of PO4--pw out of the sediment, suggesting that multiple 
species with complementary feeding modes increase activity and sediment displacement. In 
addition to the macrofaunal community, mud content and OM were key environmental 
parameters influencing ecosystem functions such as NPP, SOC, NH4+-D and NOx-D fluxes. As 
mud content increases, it changes absorption and diffusion rates of solutes (including NH4+-
D and NOx-D) and SOC (Mackin and Aller 1984; Huettel et al. 2003, 2014; Cummings et al. 
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2009; Douglas et al. 2018). Increased breakdown of organic matter by benthic communities 
results in increased excretion and release of nutrients enhancing primary production while 
also increasing SOC (Hoppe et al. 2002; Hiroki et al. 2007; Maher and Eyre 2010; Lohrer et 
al. 2012). These results highlight the complex nature of feedbacks between macrofaunal and 
environmental factors across small spatial scales and how subtle changes in biodiversity or 
mud content can alter whether sediments act as a sink or source of nutrients.  
While small Austrovenus increase primary production and LAPase and APase enzyme 
activities compared to large individuals, their vulnerability to bird predation prevents the 
formation of high density shellfish beds of small individuals (SL <25 mm) and therefore limits 
overall benefits on a larger spatial scale. Oystercatchers (Haematopus unicolor and 
Haematopus finschi) prefer bivalve sizes <25 mm to reduce bill damage and individuals have 
been recorded consuming up to 827 cockles per day over two tidal cycles in a European 
estuary (Norris and Johnstone 1998; Kraeuter 2001; Rutten et al. 2006), thus potentially 
influencing size class structure and biomass in estuaries. The large impact of bird predation 
on small shell length clams in this in situ experiment was unexpected and shows that while 
large individuals are vulnerable to reductions from overharvesting by humans (Thrush et al. 
2006; Norkko et al. 2013), small individuals are also vulnerable to reductions from natural 
predation. Large clams are therefore important to achieve high densities with corresponding 
greater biomass that promote valuable ecosystem functions at a greater spatial scale. The 
current study shows that higher biomass of large individuals increased, GPPchl a, SOC and 
LAPase (Figures 2). These increases in ecosystem functions with biomass could be due to 
cumulatively higher excretion volumes and increased biodeposition with higher densities of 
large clams. This agrees with other studies that link higher densities of Austrovenus and 
other large bivalves like Cerastoderma edule to increased primary productivity, microbial 
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activity and SOC (Norkko et al. 2001; Sandwell et al. 2009; Braeckman et al. 2010; Jones et 
al. 2011; Norkko et al. 2013).  
Changing baselines of bivalve populations and size should be considered when 
assessing the effects of different size classes on ecosystem functions since what is 
considered “large” for a species in one system may be small in a different system and may 
vary historically (Wells et al. 2019). Large individuals within the current study were clams 
with a mean SL of 35mm, however other studies have designated bivalves as large when 
they are adults with SL >5mm for Austrovenus in the North Island of New Zealand and or SL 
>20mm for Cerastoderma edule in the Wadden Sea (Rossi et al. 2008; Sandwell et al. 2009; 
Jones et al. 2011; Norkko et al. 2013). As size structure of bivalve populations change in 
response to multiple stressors, the behaviour and activity of the individual size classes may 
change and lead to different ecosystem functions that are context dependent.  
This study demonstrates that changes in venerid clam population size structure 
affects estuarine productivity and nutrient cycling and may erode resilience of intertidal 
estuaries to multiple stressors. While smaller clams enhanced several ecosystem functions 
on a per kg basis, to optimise the biogeochemical processes at an ecosystem level (whole 
estuary scale) requires large individuals or a mixed size class structure of large and small 
clams. Reductions in biomass or shell length of clams through anthropogenic stressors will 
impact ecosystem functions before an entire shell length class disappears. Therefore, 
monitoring of bivalve populations needs to occur at a resolution to detect early changes to 
shell length classes and biomass to prevent and mitigate against loss of productivity and 
nutrient cycling in intertidal sandflats. The impact of bird predation on small clams showed 
that natural predation limits biomass of small clam populations, while large individuals are 
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vulnerable to anthropogenic stressors including commercial and recreational harvesting. 
Restoration of clam populations in estuaries with abundant wader populations therefore 
requires seeding with larger individuals to be successful. Our findings also highlight the 
interactions between key bivalves of different sizes, diversity of the macrofauna and 
sediment properties in driving estuarine productivity, nutrient cycling and SOC and how 
subtle changes in the community or physical environment can alter sediment 




3 Influence of sediment grain size on bacterial extracellular 
enzyme activities in marine sediments  
 




3.1 Abstract  
Marine sediments are important sites of biogeochemical processes driven by microbes. 
Bacteria use extracellular enzymes as the first stage in organic matter remineralisation, thus 
their activity level is a useful indicator of decomposition rate and nutrient demand. There is 
limited research on extracellular enzyme activity (EEA) in estuarine sediments and no 
studies that have investigated how activity varies across sedimentary environments and in 
response to nutrient enrichment. An in situ nutrient enrichment experiment was 
undertaken in muddy and sandy sediments with three levels of nitrogen-only fertiliser 
addition: high (600 g N m-2), medium (150 g N m-2) and control (0 g N m-2). After 9 months of 
enrichment, leucine aminopeptidase - LAPase (nitrogen and carbon acquisition), beta-
glucosidase - BGase (carbon acquisition), alkaline phosphatase - APase (phosphorous 
acquisition) and sulfatase (sulphur acquisition) activity was quantified in surface sediments 
(0-2 cm) alongside sediment properties and macrofaunal community structure and 
microphytobenthic biomass. Mud content (% < 63 m) and median grain size were the most 
important drivers of EEA. LAPase, BGase and sulfatase activity increased with mud content 
(LAPase 3x higher, BGase 3x higher and sulfatase 2 x higher) while APase, BGase and 
sulfatase activity increased with increasing median grain size. Macrofaunal abundance and 
species diversity had a positive influence on EEA while increasing abundance of the two 
dominant bivalves Macomona liliana and Austrovenus stutchburyi decreased EEA in surface 
sediments. There was also an interaction between nutrient enrichment and mud content, 
which negatively affected the two dominant bivalve species but positively affected EEA. Our 
results show that increased muddiness and nutrient enrichment from anthropogenic 
stressors can influence organic matter breakdown and nutrient cycling in estuarine 
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sediments both directly by affecting microbial processes and indirectly through changes in 




3.2 Introduction  
Estuaries are hotspots of biogeochemical cycling performing valuable ecosystem services 
including nutrient cycling (Costanza et al. 1997; Levin et al. 2001; Bolam et al. 2002; Thrush 
et al. 2006; Savage et al. 2012; Belley and Snelgrove 2016), which is regulated primarily by 
sediment bacterial communities (Mayer 1989; Boschker and Cappenberg 1998; Proctor and 
Souza 2001; Hoppe et al. 2002; Hiroki et al. 2007; Arnosti et al. 2014). Most bacteria cannot 
assimilate organic matter or large polymers directly (King 1986a; Fabiano and Danovaro 
1998; Jackson et al. 2013; Oni et al. 2015) so must use extracellular enzymes which 
hydrolyse macromolecules into dissolved organic matter (DOM) prior to uptake (King 1986a; 
Mayer 1989; Hoppe et al. 2002; Hiroki et al. 2007; Sinsabaugh et al. 2008). This hydrolysis 
and uptake is the first stage in the microbial loop (Boschker and Cappenberg 1998; Hoppe et 
al. 2002; Hiroki et al. 2007; Luo et al. 2017) and is a rate-limiting step in the transformation 
of organic matter within estuarine sediments (Hiroki et al. 2007; Arnosti et al. 2014; Baltar 
et al. 2017; Luo et al. 2017). Because of their central role in this process (King 1986a; Hoppe 
et al. 2002; Hiroki et al. 2007; Jackson et al. 2013; Arnosti et al. 2014; Luo et al. 2017) 
extracellular enzyme activity (EEA) has been used as an indicator of organic matter 
decomposition rate and microbial nutrient demand in sediments (Hoppe et al. 2002; Hiroki 
et al. 2007; Sinsabaugh et al. 2008; Arnosti et al. 2014). Changes in EEA affects nutrient 
cycling and therefore nutrient availability, which fuels benthic primary production in shallow 
soft sediment habitats (Hiroki et al. 2007; Pratt et al. 2013a, b; Arnosti et al. 2014; Luo et al. 
2017) that sustains coastal food webs  (Costanza et al. 1997; Sundbäck et al. 2000; Levin et 
al. 2001; Pratt et al. 2013b; Thrush et al. 2013; Drylie et al. 2018). 
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Biological and physical factors individually and interactively can influence bacterial 
communities and therefore EEA  (Reichardt 1988; Andersen and Kristensen 1992; Kristensen 
and Kostka 2013; Arnosti et al. 2014; Ling 2015; Belley and Snelgrove 2016). Organic matter 
content, sediment grain size, temperature, mud content and nutrient concentrations are 
key factors influencing bacterial communities and EEA (Hoppe et al. 2002; Hiroki et al. 2007; 
Arnosti et al. 2014; Luo et al. 2017). Sediment grain size and mud content influence the 
habitat available for bacterial colonisation and the quantity of organic matter content within 
the sediment (Boetius and Damn 1998; Hoppe et al. 2002; Hiroki et al. 2007; Köster et al. 
2008; Jackson et al. 2013; Hill et al. 2014). Organic matter quality and quantity affect 
bacterial abundance and enzyme activity with higher quality organic matter or pulses of 
labile organic matter increasing the bacterial abundance and EEA (Hoppe et al. 2002; Hiroki 
et al. 2007; Oni et al. 2015). Temperature and pH are also important environmental factors 
influencing EEA in soils, but the evidence in marine sediments is limited or conflicting 
(Arnosti et al. 1998, 2014; Fabiano and Danovaro 1998).  
In coastal sediments macrofaunal diversity can also influence microbial community 
structure and EEA. Bioturbation and bioirrigation can change oxygenation concentrations in 
the sediment and subduct organic matter creating “hotspots” of biogeochemical activity 
deeper in the sediment (Hoppe et al. 2002; MacTavish et al. 2012; Kristensen and Kostka 
2013; Oni et al. 2015). Biodeposits are a high quality food source for bacteria and stimulate 
enzyme activity (Hiroki et al., 2007; MacTavish et al., 2012; Norkko et al., 2001; Oni et al., 
2015). By contrast, ingestion of bacteria by macrofauna and subduction from bioturbation 
can reduce bacterial abundance and enzyme activity (Andersen and Kristensen, 1992; 
Kristensen and Kostka, 2013; Lohrer et al., 2004; MacTavish et al., 2012; Norkko et al., 
2001). Environmental changes in bacterial community structure and the associated changes 
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in EEA may have implications for a wide range of ecosystem functions particularly nutrient 
regeneration. 
There is a paucity of studies investigating EEA in marine sediments, with most 
focused on terrestrial soil, freshwater or oceanic water environments (Hoppe et al. 2002; 
Arnosti 2011; Arnosti et al. 2014; Luo et al. 2017). Moreover, there are limited studies on 
how anthropogenic stressors may alter relationships between EEA and physical and 
biological factors (Fabiano and Danovaro 1998; Hoppe et al. 2002; Hiroki et al. 2007; Arnosti 
2011; Arnosti et al. 2014; Ling 2015).  Land-derived anthropogenic stressors including 
nutrient enrichment and sediment inputs affect many estuaries worldwide (Levin et al. 
2001; Snelgrove et al. 2014; Pratt et al. 2015b), which can reduce macrofaunal abundance 
and diversity and alter environmental parameters (Solan et al. 2004; Snelgrove et al. 2014; 
Belley and Snelgrove 2016). Understanding how bacterial enzyme activity in estuarine 
sediments may change in response to land-derived nutrient and sediment inputs will 
advance our understanding of the mechanisms behind changes in nutrient cycling.  To our 
knowledge, the influence of nutrient enrichment and increased mud content on EEA in 
estuarine sediments has not been examined.  
We conducted an in situ nutrient enrichment experiment to investigate how 
elevated sediment nitrogen concentrations affect bacterial EEA in sandy and muddy 
intertidal sediments. Sediment was enriched with slow-release nitrogen (N) fertiliser at 
three treatment levels (none, medium and high) at paired muddy and sandy sites in two 
estuaries and after nine months EEA in the surface sediment (0-2 cm) was measured. A 
nitrogen only fertiliser was used as estuarine habitats are typically N limited and Nitrogen 
fertiliser is the most commonly used fertiliser in New Zealand (Howarth and Marino 2006; 
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Tay et al 2013; Douglas et al. 2016). We anticipated higher EEA in muddier sediments due to 
greater surface area, more organic matter and higher bacterial abundance compared to 
sandy sites (hypothesis 1), (Yamamoto and Lopez 1985; Köster et al. 2008; Jackson et al. 
2013).  We expected the effects of nutrient addition to be a function of mud content. In 
nutrient-poor sandy sediment enrichment may promote EEA, similar to what has been 
observed  in soils and wetland sediments (Jackson and Vallaire 2009; Chen et al. 2018). 
However in muddy, cohesive sediments, enrichment can reduce rates of nutrient 
regeneration (Hiroki et al. 2007; Thrush et al. 2013; Arnosti et al. 2014; Douglas et al. 2018) 
which may be reflected in reduced EEA (hypothesis 2). Causal links and effects are however 
difficult to predict due to the indirect effects of enrichment on macrofauna diversity but we 
expected a positive relationship between biodiversity and EEA due to increased aeration of 
the sediment and increased biodeposition providing a high quality food source for bacteria 
(hypothesis 3), (Andersen and Kristensen 1992; MacTavish et al. 2012; Kristensen and 
Kostka 2013; Arnosti et al. 2014; Oni et al. 2015; Belley and Snelgrove 2016).  
3.3 Methods 
3.3.1 Site selection and experimental set up  
A nutrient enrichment experiment was performed in a muddy and sandy site in two 
estuaries: Jacobs River (46°30’ 54.7404’ S, 167° 59’ 55.644’ E) and Waikawa (46° 37’ 
33.7224’ S, 169° 8’ 21.8688 E) located in Southland New Zealand. These estuaries have 
extensive intertidal (Jacobs river [66.9%] and Waikawa [84%]) areas (Roberston & Stevens 
2012; Robertson and Stevens, 2007) with adjacent areas of sandy and muddy habitat in 
close proximity to each other (Table 1). Sites were designated as Waikawa upper (WKW-M, 
muddy site), Waikawa lower (WKW-S, sandy site), Jacobs River upper (JCB-M, muddy site) 
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and Jacobs River lower (JCB-S, sandy site). Experimental set up occurred in March 2017.The 
in situ nutrient enrichment protocol was based on previous research which elevates 
porewater ammonia concentrations to conditions similar to an eutrophic estuary (Douglas 
et al 2016, 2018). At each site, three replicate blocks, separated by approximately 10–15m, 
was marked out in the mid-intertidal unvegetated area of each estuary. Within each block, 
three 9 m2 treatment plots were established and randomly assigned one of three 
enrichment levels; control (0 g N m-2) medium (150 g N m-2) or high (600 g N m-2).  Slow 
release urea fertilizer (Nutricote 40-0-0, N-P-K) was added to small holes (3 cm dia) evenly 
distributed within the plot (20 holes m-2) to a depth of 15 cm and the sediment removed 
immediately replaced after fertilizer application. Control plots were disturbed in the same 
manner. Plots were left for 7 months after enrichment before sampling in November 2017  
3.3.2 Environmental and macrofaunal sampling  
Porewater nutrient and sediment porosity samples were taken 7 d prior to the EEA samples 
and consisted of duplicate surface sediment (0-2 cm) containing 4 x pooled 2.6cm dia 
syringe cores randomly collected from each plot.  These samples were kept on ice and 
processed on return to the laboratory. EEA sediment (0–2 cm) samples consisted of a 
pooled sample of 4 cores taken with a 15 mm dia syringe and were immediately frozen and 
stored until analysis. A further surface sediment sample (5 x 2.6 cm dia core pooled) was 
also collected and frozen for subsequent analysis of sediment grain size and organic matter 
(%), chlorophyll-a and phaeophytin content. To estimate macrofaunal diversity two cores 
(13 cm dia, 15 cm depth) were taken in each plot, sieved (500 µm mesh) and the contents 




3.3.3 Laboratory analysis 
The surface sediment samples were analysed using extracellular enzyme assays for the 
potential activity rates of β-glucosidase (BGase), alkaline phosphatase (APase), sulfatase 
(SULfase) and leucine aminopeptidase (LAPase) (Hoppe 1983; Hoppe et al. 2002; Arnosti et 
al. 2014) using the hydrolysis of the fluorogenic substrate analogues 4-methylumbelliferyl-β-
D-glucoside, 4-methylumbelliferyl (MUF)-phosphate, 4-methylumbelliferyl-sulfate and 
(MCA)-L-leucine-7-amido-4-methylcoumarin (Hoppe 1983). Extracellular enzymes 
breakdown organic polymers (organic matter) into dissolved nutrients that are absorbed by 
bacteria and also released into the environment (Hoppe et al. 2002; Hiroki et al. 2007; 
Arnosti et al. 2014).  BGase is responsible for the breakdown of polysaccharides and the 
activity of BGase provides an indication of carbon acquisition and breakdown. LAPase is 
involved in the utilization of proteinaceous material, so it can inform about N and C 
acquisition and breakdown.  APase and Sulfatase activity rates are measures of phosphate 
and sulphate acquisition respectively (Hiroki et al. 2007; Sinsabaugh et al. 2009; Bell et al. 
2013; Jackson et al. 2013; Hill et al. 2014).  
The EEA analysis procedure followed the methods outlined by Boer et al (2009). A 
slurry was created with 0.5 g of sediment and 5 ml of sterilized (autoclaved, 0.22 µm 
filtered) seawater. This procedure was replicated 5 times for each sample (4 x enzyme 
treatments and 1 control). 172 µl (500 nM) of each substrate was added to the sediment 
slurries and put on a shaker for 10 min. 10 ml of sterilized seawater was then added to the 
sample and the sediment slurry centrifuged for 10 min at 2800 G. 290 µl of the supernatant 
was pipetted into each of the 6 technical replicates for each substrate in low-protein 96-well 
microplates (Obayashi et al. 2017). A Spectramax M2 spectrofluorometer (Molecular 
Devices, USA) was used to obtain a fluorescence readings at excitation and emission 
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wavelengths of 365 and 445 nm, respectively, at time zero and after incubation. The 
microplates were incubated in aluminium foil for 3 h at in situ temperature (13°C Waikawa 
and 14°C Jacobs River). To calculate EEA rates the increase in fluorescence over time is 
transformed into hydrolytic activity using a standard curve established with different 
concentrations of the fluorochromes methylumbelliferyl  (MUF) and methylcoumarin  (MCA) 
(Hoppe 1983; Bell et al. 2013; Baltar et al. 2017) and are reported in nmol h-1 g-1 dry weight 
(DW) sediment. 
 Porewater was extracted from sediment after being centrifuged (within 12 h of 
collection) filtered, then frozen until analysed for ammonium (NH4+), nitrate/nitrite (NOx) 
and phosphate concentrations using a Lachat Quickchem 8500 series 2 Flow Injection 
Analysis (FIA) autosampler. Organic matter content (OM; %) was determined after drying 
(60°C for 24 h) then calculating weight loss after combustion in a furnace (550°C for 24 h). 
Porosity was determined from loss of water after sediment samples were dried for 24 h at 
60°C. Sediment chlorophyll-a and pheophytin (g g DW-1) were determined by adding 90% 
buffered acetone and then measuring the fluorescence before and after acidification 
(Turner designs 10-AU Fluorometer). Sediment median grain size (MGS) and mud content (% 
< 63 m) were determined on a Malvern Mastersizer 2000 after addition of 10% hydrogen 
peroxide to dissolve organic matter.  
Macrofauna were identified to the lowest possible taxonomic level (usually species) and 
counted. Species diversity was calculated using Shannon’s diversity index (H’). The sizes of 
the two bivalve species that dominate macrofaunal biomass, the suspension-feeding 
venerid Austrovenus stutchburyi and the surface deposit feeding tellinid Macomona liliana 
(hereafter Austrovenus and Macomona) were also measured. 
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3.3.4 Data analysis 
Enzyme activity rates were tested for normality using a Shapiro Wilks test in R (Rx64 3.4.3) 
and homogeneity using PERMDISP (Primer v7). APase, BGase and LAPase activity were log 
transformed to obtain a normal distribution. PERMANOVAs were conducted to test for 
significance of the treatment, N enrichment (3 levels), estuary (two levels) and sediment 
type (mud and sand) as fixed factors. PERMANOVAs were conducted independently on 
porewater nutrient concentrations and BGase, LAPase, APase and SULfase enzyme activity. 
Pairwise tests were undertaken with PERMANOVA to determine which level of nutrient 
enrichment (treatment) had a greater effect on EEA and porewater nutrient concentrations.  
Although we designed the experiment for categorical analysis, the sites reflected a 
gradient of mud content (0 – 15 %; Table 1). Therefore, multiple regression using distance 
based linear models (DistLM) was used to determine which variables explained the greatest 
variation in EEA. DistLMs were conducted on Euclidean distance resemblance matrices for 
each extracellular enzyme (APase, BGase, SULfase and LAPase) and regressed against nine 
explanatory variables (mud content, medium grain size, chlorophyll-a, macrofaunal 
abundance [N], species diversity [H’], abundance of small bivalves [shell length < 30 mm], 
large bivalves [shell length > 30 mm], and porewater concentrations of NH4+ [hereafter 
NH4+-pw], and PO4- [hereafter PO4--pw). This set of explanatory variables was selected after 
running Draftsman plots and Pearson’s correlation to eliminate correlated variables (p > 
0.7). Small and large bivalves included both Macomona liliana and Austrovenus stutchburyi. 
Marginal tests within the DistLM routine were conducted to assess which individual 
predictor variables explained a significant amount of variation in enzyme rates. The ‘Best’ 
model within DistLM using corrected Akaike information criterion (AICc) was used to assess 
which combinations of predictor variables best explained variation in ecosystem responses. 
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The lowest AICc number indicates a goodness of fit to the data. PERMANOVAs and all 
DistLM analyses were undertaken with Primer v7 with PERMANOVA+ add on using 9999 
permutations (Clarke & Gorley 2015). 
Macrofaunal data were analysed using univariate and multivariate analysis following 
the methods outlined above. Univariate analysis included measures of abundance of 
macrofauna per core (N), abundance of small and large bivalves, and Shannon’s diversity 
index per core, and DistLM models.  
 
3.4 Results 
3.4.1 Environmental variables 
Mud content ranged between 0–3.3 % at the sandy sites and 4.8–14.6 % at the muddy sites, 
demonstrating a gradient of mud content across the estuarine sites (Table 3.1). Sediment 
organic matter content ranged from 1.06–2.33 %, medium grain size between 132–278 µm 
and chlorophyll-a 2.76–14.64 µg/g with higher concentrations in the muddy sediment sites 
(Table 3.1). Nutrient enrichment significantly positively influenced both NH4+-pw and PO4--
pw with NH4+-pw ranging from 0–6030 µM and PO4--pw from 0 –17.8 µM (Table 3.1 & 3.2). 
Medium N enrichment significantly increased NH4+-pw compared to both high N enrichment 
and the control treatment (medium > high p = 0.004, medium > control p = 0.0017). There 
was no significant difference (p = 0.76) in NH4+-pw between the high N enrichment and 
control. PO4--pw was significantly greater with medium and high N enrichment compared to 
the control (medium > control p = 0.003, high > control p = 0.03). There was no significant 
difference in P04--pw between medium and high treatments (p = 0.76).  There was a 
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significant interaction between N enrichment x sediment x estuary for NH4+-pw 




Table 3.1. Summary of environmental and macrofaunal properties as a function of estuary and sediment type (mean and range of values in parentheses; n 
= 9 for each site). Sites are in order from low mud content to high mud content.  
  Site             
  WKW-S   JCB-S   JCB-M   WKW-M 
Variable          
Mud (%) 0.88 (0-1.79)  2.45 (1.42-3.25)  6.93 (4.83-9.51  12.68 (9.97-14.63) 
Organic matter (OM [%]) 1.19 (1.06 - 1.37)  1.66 (1.49-1.96)  1.39 (1.18-1.57)  2.03 (1.88-2.33) 
Median grain size (MGS [µm]) 222 (198-239)  138.44 (132-145)  245.78 (221-278)  179 (167-185) 
Microphytobenthic biomass         
Chlorophyll a (µg g -1 sediment) 7 (5.10-8.75)  3.85 (2.76-4.88)  6.33 (4.10-8.89)  10.60 (0.69-14.64) 
Porewater concentrations (µM)        
Ammonium (NH4+) 160.7 (0-1403.7)  1652.7 (2.94-4006)  2787.2 (30.56-6030.4)  2734.2 (1.86-4657.3) 
Phosphorous (PO4-) 3.62 (1.87-5.12)  1.17 (0-5.77)  3.72 (0.09-17.79)  7.47 (0.89 - 14.18) 
Macrofaunal variables (core-1)        







H (species diversity) 1.90 (1.42-2.09) 
 





       
  


















Table 3.2. PERMANOVA test results showing the effects of nitrogen enrichment, sediment type (muddy vs sandy), estuary and the interaction effects on the 
response variables (Extracellular enzyme activity) and porewater nutrient concentrations. Significant effects (p<0.05) are highlighted in bold and marginally 
significant (P<0.10) are bold and italics. NH4+-pw was significantly influenced by the three way interaction between sediment x estuary x treatment (p = 
0.03). There was no other significant three way interactions between sediment x estuary x N enrichment significant three way interaction sediment x 
estuary  
   Sediment N Enrichment Estuary 




N enrichment x 
estuary  
  p-perm p-perm p-perm p-perm p-perm p-perm 
Enzyme activity (nmol h-1 g-1 
DW)           
  
APase 0.81 0.08 0.07 0.75 0.08 0.03 
BGase 0.0001 0.44 0.0004 0.95 0.0026 0.04 
LAPase 0.0015 0.58 0.0001 0.95 0.69 0.9 
Sulfatase 0.0025 0.05 0.05 0.08 0.1 0.32 
Porewater concentration (µM) 
     
  
NH4+ 0.0001 0.0001 0.02 0.0036 0.03 0.0001 




3.4.2 Benthic community 
The mud content influenced the macrofaunal community with total macrofaunal 
community abundance (31–220 ind n core-1) significantly (p=0.015) higher in the muddy 
sediment compared to sandy sites (Table 3.1 & 3.2). Nutrient enrichment influenced 
macrofaunal abundance with lower abundance in the high N enrichment plots (p=0.022), 
and an interaction term between sediment x N enrichment significant (p = 0.02), in terms of 
influencing total community abundance.  Species diversity and numbers of large bivalves 
were both significantly different between estuaries (p= 0.002 and 0.003 respectively) with 
higher diversity and abundance of large bivalves on average in Jacobs River estuary (Table 
3.2). The number of small bivalves were not influenced by any of the factors (N enrichment, 
sediment or estuary).  
 
3.4.3 Extracellular Enzyme Activity  
PERMANOVA results showed that activities of BGase, LAPase and sulfatase were 
significantly influenced by sediment type with higher activity rates in muddy sediment, with 
the exception of APase activity (Table 3.2, Figure 3.1). N enrichment did not have a 
significant effect on EEA other than sulfatase and APase activities which were influenced by 
N enrichment, but the significance level was p<0.10. Sulfatase activity was higher in control 
compared to high N enrichment plots (Control > High p = 0.02), and APase activity was 
higher in control plots compared to both medium and higher N enrichment (control > 
medium p = 0.05, control > high p = 0.08). Estuary was a significant factor affecting BGase 
and LAPase activity and influenced APase and sulfatase at a significance level of p<0.10 
(Table 3.2). There was no significant interaction effect between sediment and treatment for 
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any of the enzymes (Table 3.2). The interaction between sediment x estuary significantly 
affected the activities of BGase and marginally affected APase activity (Table 2). BGase and 
APase activity was significantly influenced by the interaction between estuary x N 
enrichment. (Table 3.2).   
The distance based linear models (DistLMs) showed that a sedimentary gradient of 
increasing mud content and median grain size (MGS) was significantly related to the activity 
of all the enzymes either individually (marginal tests) or as variables in the best models 
(Table 3.3). Sediment parameters: mud content, MGS, chlorophyll-a and PO4--pw were 
significant factors individually that were positively related to enzyme activities (Table 3.3, 
figures 3.1). Macrofaunal parameters: abundance (N), species diversity (H’), abundance of 
small and large bivalves were significantly related to enzyme activity rates. These factors 
were generally negatively related to enzymes, apart from LAPase and sulfatase which was 
positively related to macrofaunal abundance (Table 3.3). In the ‘Best’ models which included 
the sediment parameters and macrofaunal variables together, over 60% of the variance was 
explained in LAPase enzyme rates by combined sediment and macrofaunal parameters 
(Table 3.3). Similarly, the other enzymes were explained by models that included a 
















Figure 3.1. Variability in EEA activity (nmol h-1 g-1 DW) as a function of estuary (WKW and JCB) and sediment type (S = sand, M = mud) (a) BGase, (b) LAPase 
(c) Sulfatase and (d) APase. The boxes represent variation in EEA (nmol h-1 g-1 DW), median, with the crosses representing the mean and the non-outlier 







Table 3.3. DistLM results with the predictor variables explaining variation in extracellular enzyme activity. A summary of both the best model and marginal 
tests. The number represent the proportion of variance explained by each variable in the marginal tests and the (+) or (-) is the correlation direction. Values 
in bold denote the variables selected by AICs in the best model to be the most parsimonious and R2 is the cumulative variance explained by the variables 
selected in the best model. ***p < 0.01, ** p < 0.05, *p < 0.1. Mud content % (Mud), Chlorophyll-a µg g-1 sediment (Chl a), individuals n core -1 (N), 
Shannon’s diversity index/species richness (H’), Number of small (<30mm) and large (>30mm) bivalves, Porewater concentrations µM (pw – PO4- µM ).  
  
                   BEST 
Enzyme 
activity  Mud MGS Chl a  N H’ Small bivalves Large bivalves pw-PO4- R2 
  
        
  
APase 0.003 0.14** (+) 
 
0.03 0.13**(-) 
   
0.34 
  
        
  
BGase 0.13**(+) 0.34***(+) 0.19***(+) 
  
0.40*** (-) 0.12**(-) 0.11** (+) 0.52 
  
        
  
LAPase 0.24*** (+) 0.07 0.20** (+) 0.14** (+) 0.20** (-) 0.22***(-) 0.20**(-) 0.20***(+) 0.63 
  
        
  
Sulfatase 0.09* (+) 0.22*** (+) 0.11** (+) 0.16** (+) 
    
0.5 






3.5 Discussion  
Muddy sediment had the greatest influence on estuarine sediment enzyme activity rates 
compared to sandy sediments indicating higher organic matter breakdown and nutrient 
regeneration with increased mud content, as predicted (hypothesis 1). Nutrient enrichment 
(treatment) did not significantly influence EEA rates counter to expectation (hypothesis 2). 
There was however a significant interaction of N enrichment and estuary on APase and 
BGase activities. Increasing mud content, median grain size and chlorophyll-a was positively 
correlated to increasing enzyme activity. By contrast, species diversity and bivalve 
abundance was negatively correlated with mud and EEA rates counter to our prediction 
(hypothesis 3). There were also site-specific differences in APase, BGase and LAPase 
activities, which likely reflects differences in microbial communities and environmental 
conditions at each estuary.  
Mud content and the sediment parameters, organic matter content and median 
grain size were the factors that best explained variation in EEA rates, both directly and 
indirectly (Tables 3.1–3.3). BGase, LAPase and sulfatase enzyme activity increased with 
increasing mud content, likely due to the direct effect of increased surface area creating 
more habitat for bacteria to live (Yamamoto and Lopez 1985; Boetius and Damn 1998; 
Hiroki et al. 2007; Köster et al. 2008; Ling 2015). Alternatively, higher enzyme activities with 
increased muddiness could indirectly be due to higher organic matter content and 
microphytobenthos (sediment chlorophyll-a), which increased with mud content, and 
provides a high quality food source for microbes. Quantity and quality of organic matter 
increases the activity of LAPase, BGase and sulfatase in marine sediments (Meyer-Reil 1987; 
Hiroki et al. 2007; Oni et al. 2015; Luo et al. 2017; Crawshaw et al. 2019). Sedimentary MGS 
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was also a significant variable positively influencing APase, BGase and sulfatase activities 
(Table 3.3), likely due to heterogeneity of grain sizes for bacterial colonisation. Other studies 
have shown that poorly sorted sediments with different particle sizes enhances diversity of 
bacterial communities (Hoppe et al. 2002; Köster et al. 2008; Jackson et al. 2013; Arnosti et 
al. 2014), while other studies have found that particle size heterogeneity increases variance 
in enzyme activity rates (Hoppe et al. 2002; Jackson and Weeks 2008; Ling 2015). Our 
findings suggest that mud was positively related to EEA across the gradient sampled of 0–15 
% mud content; however, if the sediment becomes dominated by fine sediments (<63 µm) 
and clays that are poorly sorted with a corresponding loss of particle size heterogeneity 
(decline in MGS), microbial processing rates may be negatively impacted as interstitial 
spaces would decrease and oxygen concentrations decrease (Cummings et al., 2009; Huettel 
et al., 2014, 2003; Lohrer et al., 2004). While bacterial community structure and abundance 
were beyond the scope of the current study, understanding bacterial composition would 
provide valuable information in future research, especially as there were significant 
differences between estuaries in enzyme rates that may reflect different bacterial 
communities. The two estuaries also had different sediment properties and macrofaunal 
communities, which would underpin some of these site-specific differences in bacterial 
enzyme rates. 
The macrofaunal community influenced EEA rates but the direction of the 
relationship was complex, as anticipated. Total macrofaunal abundance was positively 
related to rates of LAPase and sulfatase (Table 3.3), likely due to increased aeration of the 
sediment and biodeposition providing high quality organic matter which increases bacterial 
abundance (Boschker and Cappenberg 1998; Norkko et al. 2001; Hoppe et al. 2002; Köster 
et al. 2008; MacTavish et al. 2012; Arnosti et al. 2014). By contrast, species richness had a 
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negative effect on LAPase and APase activity possibly due to increased diversity of feeding 
modes and movement in the sediment (Andersen and Kristensen 1992; Norkko et al. 2001; 
Lohrer et al. 2004a; MacTavish et al. 2012; Kristensen and Kostka 2013), which may subduct 
bacteria into anoxic zones or increase bacterial consumption (Andersen and Kristensen, 
1992; Kristensen and Kostka, 2013; Lohrer et al., 2004). Similarly, bivalves (both large and 
small individuals) were negatively related to BGase, LAPase and sulfatase activities, 
potentially due to ingestion (Andersen and Kristensen 1992; Svenningsen et al. 2012; 
Arnosti et al. 2014; Kristensen et al. 2014; Belley and Snelgrove 2016) and sediment 
reworking (Thrush et al. 2006; Woodin et al. 2016). The bivalves and species richness were 
also negatively affected by increasing mud content, although sensitivity to % mud is species 
specific (Thrush et al. 2006; Sandwell et al. 2009; Jones et al. 2011a; Norkko et al. 2013; 
Robertson et al. 2015), with mud content potentially modulating the influence of these 
organisms on EEA rates.  
Nutrient enrichment (treatment) did not influence enzyme activity in the current 
study other than marginally affecting sulfatase and APase activity (Table 3). Other studies 
have shown the sedimentary environment, in particular mud content, modulates ecosystem 
responses to porewater nutrient enrichment (Douglas et al. 2018). However, the interaction 
of these two factors was not significant for EEA in the current study. This may be due to the 
bacteria not being nutrient limited or due to the relatively small range of mud content (0–15 
%) in this study, compared to the study by Douglas et al. (2018), which measured 
denitrification responses to nutrient enrichment in plots with up to 24% mud content.  
PO4--pw concentration was the only nutrient significantly positively correlated with 
BGase and LAPase activity. Phosphate is needed for building proteins (Hoppe 1983; Hoppe 
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et al. 2002; Ling 2015; Luo et al. 2017) with higher phosphate concentrations potentially 
stimulating bacteria populations to release more LAPase and BGase to breakdown nitrogen 
and carbon molecules.  
 
3.5.1 Conclusions  
In conclusion, this study demonstrates that changing sedimentary environments will have a 
large impact on nutrient cycling and organic matter breakdown within estuarine systems. 
Mud content and grain size directly affects bacterial enzyme rates positively through 
changes in surface area for colonization, and indirectly through alterations in macrofaunal 
assemblages that also influence EEA negatively. As estuaries worldwide experience 
increasing fine sediment inputs from land use changes, the impact on crucial 
biogeochemical processes like organic matter hydrolysis that supports productivity should 




4 Mud content changes nutrient regeneration and primary 
productivity response to nutrient enrichment in soft 
sediment habitats 
 





Estuarine systems worldwide are under pressure from anthropogenic stressors, in particular 
increasing sedimentation and nutrient enrichment, however there is limited research on the 
interaction of these two stressors on ecosystem functioning. An in situ nutrient enrichment 
experiment using nitrogen fertiliser at high (600 g N m-2) and medium (150 g N m-2) 
concentrations was established in two sandy and two muddy sites (mud content 0 – 15 %) 
to investigate whether the influence of nutrient enrichment on ecosystem functioning is 
context dependent. Ecosystem functions measured were sediment nutrient regeneration 
and primary production; important ecosystem functions contributing to healthy estuaries. 
There was a significant interaction effect of mud x treatment on nutrient regeneration, 
which was more pronounced in muddy sediment, with 50x higher nutrient regeneration in 
high treatments than the control and 6x higher in the medium than the control treatment.  
Net primary production increased with mud content, while gross primary production (GPPchl-
a) decreased above 4% mud, showing that small increases in mud content reduces 
photosynthetic efficiency of microphytobenthos. Large bivalves, Austrovenus stutchburyi (> 
30 mm), macrofaunal abundance and functional groups were influenced by mud content, 
with the influence of these species on nutrient cycling reduced with increasing mud content. 
Our results highlight how small increases in mud content can alter the effects of nutrient 
enrichment on ecosystem functions both directly through changes in sediment properties 
and indirectly via changes in productivity and reducing the positive effects of key bivalves 




4.2 Introduction  
Estuarine soft sediment habitats are critical areas for nutrient regeneration and productivity 
(Levin et al., 2001; Pratt et al., 2015; Thrush et al., 2013). Macrofaunal communities 
influence many of these ecosystem functions, with species functional traits including size 
and feeding mode, species diversity and abundance important factors that influence 
ecosystem functioning and enhance the resilience of the estuarine system (Karlson et al., 
2016; Norkko et al., 2013; Pratt et al., 2015; Reiss et al., 2009; Snelgrove, 1998; Thrush et al., 
2006). Estuaries are under increasing stress from anthropogenic impacts (Levin et al. 2001; 
Thrush et al. 2006; Villnäs et al. 2012; Van Colen et al. 2015), particularly increased nutrient 
enrichment and sedimentation (Bierschenk et al. 2017; Douglas et al. 2018; Levin et al. 
2001; Lohrer et al. 2004a; Pratt et al. 2013a; Thrush et al. 2004, 2013).  
Sedimentation and increased mud content ( <63 µm) inputs to estuaries has 
increased due to catchment clearance, land development, and urban and rural run off 
(Kennish 2002; Thrush et al. 2003b, 2004; Bierschenk et al. 2017). Increasing mud reduces 
the permeability of sediment, altering absorption and diffusion rates and increasing surface 
area which affects water flow, solute exchange, oxygen concentrations and light penetration 
and alters the macrofaunal and microbial communities (Thrush et al. 2003b, a; McGlathery 
et al. 2007; Villnäs and Norkko 2011; Pratt et al. 2013b; Huettel et al. 2014; Douglas et al. 
2018). Changes to the macrofaunal community with increasing mud content include species 
loss, reduced abundance of key species, size class reduction and, in extreme sedimentation 
events, entire communities are smothered (Thrush et al. 2003b, 2006; McGlathery et al. 
2007; Sandwell et al. 2009; Jones et al. 2011a; Norkko et al. 2013). These changes directly 
affect ecosystem functions linked to the health of estuarine systems (Sandwell et al. 2009; 
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Worm et al. 2012; Pratt et al. 2013b, 2015a), including nutrient regeneration, primary 
productivity and community metabolism (sediment oxygen consumption, SOC), (Douglas et 
al. 2018; Huettel et al. 2014; Jones et al. 2011a; Pratt et al. 2013b; Pratt et al. 2015; Rodil et 
al. 2011). 
Nutrient enrichment often occurs concurrently with sedimentation in run off from 
diffuse and point sources, especially during large rain events (Thrush et al. 2003b; Pratt et 
al. 2013a; Bierschenk et al. 2017; Douglas et al. 2018). Nutrient enrichment initially can 
benefit estuaries through stimulating microphytobenthos, however once nutrients increase 
beyond the capacity of the estuary to assimilate and process the excess nutrients, negative 
eutrophication effects occur (Cloern 2001, McGlathery et al. 2007, Ellis et al. 2015, 2017). 
Eutrophication fuels excess macroalgal blooms, reducing light intensity and oxygen, altering 
sediment biogeochemistry and changing macrofaunal communities (Bierschenk et al., 2017; 
Bonsdorff et al., 1997; Ellis et al., 2015; O’Meara et al., 2017; Pinckney et al., 2001; 
Teichberg et al., 2010). The individual effects of sedimentation and nutrient enrichment as 
stressors has been documented (Bierschenk et al., 2017; Ellis et al., 2015; Jones et al., 
2011a; O’Brien et al., 2009; Pratt et al., 2015; Pratt et al., 2013b; Thrush et al., 2004), 
however predicting how these stressors interact to influence benthic ecosystem functioning 
and macrofaunal communities is difficult due to the many complex feedbacks that occur 
within soft sediment ecosystems (Crain et al. 2008; Thrush et al. 2012, 2014; Ellis et al. 2015, 
2017; O’Meara et al. 2017). However, while predicting multiple stressor interactions might 
be difficult, it is important to investigate these effects to gain a clearer picture of how 
ecosystem functions are influenced by multi stressor interactions for improved 
management outcomes.  
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Our study investigates the effect of sediment nutrient enrichment in sandy and 
muddy sediments in relation to ecosystem functions: nutrient regeneration, primary 
production and benthic community metabolism.  Further, the role of macrofaunal 
communities and, in particular bivalves, in influencing ecosystem functioning is explored. 
Austrovenus stutchburyi and Macomona liliana are two keystone species that dominate 
biomass and influence nutrient cycling and productivity in New Zealand estuaries (Thrush et 
al. 2006; Sandwell et al. 2009; Jones 2011; Woodin et al. 2016). A field experiment was 
established in March 2017 using slow-release nitrogen (N) fertiliser added to paired muddy 
and sandy sites at medium (150 g N m-2) and high (600 g N m-2) concentrations and control 
plots (unfertilised).  We predict that nutrient regeneration (gross NH4+ flux) will be highest in 
the high nutrient treatment plots with sandy sediment due to increase NH4+ availability and 
solute movement, with a decrease in NH4+ flux in the muddy sites due to changing diffusion 
rates and cohesion of sediment (hypothesis 1) (Huettel et al. 2014; Pratt et al. 2015a). 
Primary production will increase with nutrient enrichment fuelling MPB growth and be 
higher in muddier sediment due to increased surface area for microphytobenthos 
(hypothesis 2) (Huettel et al. 2014). Further it is anticipated that the influence of nutrient 
enrichment and increased mud will be reduced with higher abundance of large bivalves and 
increased diversity of macrofaunal species and functional groups since the organisms will 
enhance processing rates of the excess nutrients through increased bioturbation 
(hypothesis 3). Community metabolism (SOC) was predicted to be higher in sandy sediments 
due to the increased diffusion, with lower community metabolism in muddy sediments with 




4.3.1 Study site and experimental set up 
An in situ nutrient enrichment experiment was conducted in a paired sandy and muddy site 
in Jacobs River Estuary (46° 20’ 55.1004” S 167° 59’ 55.806” E), a muddy site at Waikawa 
estuary (46° 37’ 41.7576” S 169° 8’ 27.978” E) and corresponding sandy site at New River 
estuary (46° 29’ 12.48” S 168° 18’ 19.4832” E ).  Due to benthic chamber issues at the 
Waikawa sandy site which resulted in unreliable data, New River estuary sandy site replaced 
the Waikawa site. The 3 estuaries are located in Southland, New Zealand, and are 675 ha, 
4600 ha and 720 ha respectively, with extensive intertidal flats and channels. Rivers drain 
into the upper reaches from predominately agricultural catchments with varying intensity of 
sheep, beef and dairy farming and some forestry in Waikawa estuary catchment (Robertson 
and Stevens 2007, 2011). New River and Jacobs River estuaries have urban influences 
around the estuary (Robertson and Stevens 2011, 2013). Areas with limited water exchange 
in the estuaries are becoming highly eutrophic with dense macroalgal (Gracilaria) beds in 
New River and Jacobs River estuary and high mud content, while Waikawa estuary has 
increased mud content without the eutrophication symptoms (Robertson and Stevens 2007, 
2011, 2013).  These estuarine sites were part of the National Science Challenge Sustainable 
Seas Tipping Points nationwide experiment which involved 24 estuarine sites, with 
experiment establishment in March 2017 and sampling undertaken in November 2017. The 
nutrient enrichment experimental plots were the same as those used in chapter 3, apart 
from the addition of the New River site due to benthic chamber issues mentioned above at 
the Waikawa sandy site.  
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At each site, triplicate blocks of 9 m2 (3m x 3m) were established with each triplicate 
containing one control (no fertiliser), 1 medium treatment (150g N m-2) and 1 high 
treatment (600g N m-2), with 3 controls, 3 medium and 3 high treatments at each site. 
Nutrient enrichment methods were based on Douglas (2016, 2018) to elevate porewater 
ammonia levels using slow release (140 – 200 day) nitrogen-only fertiliser (slow release urea 
Nutricote 40-0-0, N-P-K)  that was added evenly across the treatment plots at 15 cm depth 
using a corer. The control plots were physically disturbed, but no fertiliser was added. The 
plots were left for 7 months prior to sampling of the ecosystem functions.  
4.3.2 In situ incubations  
Paired light and dark benthic chambers (50 cm x 50 cm, 0.25m2, 30 L) were used to measure 
ammonium (NH4+) and oxygen fluxes across the sediment-water interface within each 9 m2 
plot. Nutrient and oxygen fluxes are measures of critical ecological processes including 
primary production, organic matter remineralisation and inorganic nutrient uptake by 
microbes and microalgae (Pratt et al. 2015; Pratt et al. 2013b). Flux measurements were 
based on standard methods (Lohrer et al. 2010; Pratt et al. 2015; Sandwell et al. 2009) and 
were taken during midday high tides on sunny days. In brief, two chamber bases were 
pushed ~5 cm into the sediment at low tide. Once the tidal water covered the benthic 
chamber bases, lids were attached using clamps and air bubbles removed before the lids 
were sealed. For the dark chambers, opaque shade cloth was placed over the lids. Water 
samples were taken using a 60 ml syringe at the start of the incubation once the chamber 
lids were attached and at the end of the incubation after ~4-5 h depending on the tide at 
each site. Water samples were analysed immediately after collection for dissolved oxygen 
concentration using a calibrated YSI probe (YSI ProODO, optical Dissolved Oxygen 
Instrument). Samples were then filtered through Thermo Scientific nylon syringe filters 
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(0.45µm) into 25 ml acid-washed vials, which were frozen for subsequent nutrient analysis. 
Ambient water was collected using a 60 ml syringe to measure water column nutrients and 
two dark and two light 1.5L bottles were filled with ambient water and incubated for the 
same time as the benthic chamber incubations to account for any water column effects on 
solute fluxes.  
4.3.3 Sediment properties and macrofauna  
Porewater sampling occurred 7 days before the benthic chamber deployment, in order to 
minimise sediment disturbance before benthic flux measurements.  Porewater samples 
were taken to determine concentrations of ammonium (NH4+pw) and phosphorus (PO4-pw) 
within the sediment interstitial spaces, following methods by Douglas et al. (2016). Two 
surface sediment samples (0-2cm) were taken per plot using four pooled syringe cores 
(2.6cm diameter) per replicate. Sediment samples were chilled until processing within 24 
hours. Four ml of deionised water was added to each sediment sample and vortexed at 
3000 rpm for 10 mins. The supernatant was removed with a syringe and filtered through a 
Thermo Scientific 30 mm 0.45 µm nylon disposable filter into 25 ml vials which were frozen 
until nutrient analysis back at the laboratory. Following the same procedure as above, 
surface sediment samples (0-2 cm) were collected to measure porosity. These samples were 
collected 7 days before chamber deployment.  
On the day of benthic chamber incubations, two surface (0-2 cm) sediment samples 
(1 from the dark chamber and 1 from the light chamber) consisting of 5 x pooled 2.6cm 
diameter syringe cores were collected at each plot and frozen for analysis of chlorophyll-a, 
sediment grain size, organic matter content (%) and mud content (%) at the laboratory.  
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After the incubations, two macrofaunal cores were taken using a 13 cm diameter core to a 
depth of 15 cm. Core contents were sieved (500 µm mesh), with contents preserved in 70% 
ethanol. Macrofauna were identified to species level where possible and counted. 
Individuals of Austrovenus stutchburyi (hereafter Austrovenus) and Macomona liliana 
(hereafter Macomona) were also measured and classified as small (< 30 mm) or large (>30 
mm) and biomass recorded. Species diversity was calculated with the Shannon diversity 
index (H’) and functional groups per core were recorded based on Greenfield et al (2016). 
4.3.4 Laboratory analyses 
Mud content and sediment grain size were analysed using the Malvern Mastersizer 2000, 
after addition of 10% hydrogen peroxide to dissolve organic matter and after removal of 
particles >1.4 mm. Organic matter content was determined by drying the sediment (60 
degrees for 24 h) and combusting it in a furnace (550 degrees for 4 hours), with the 
difference in weight loss after combustion the organic matter content. Porosity was 
measured by drying a known volume of sediment for 24 h at 60 degrees. Porosity 
measurements were used in the calculation of porewater nutrients. Benthic chamber and 
porewater nutrient samples were analysed for dissolved ammonium (NH4+) and phosphate 
(PO4-) concentrations using a Lachat Quickchem 8500 series 2 Flow Injection Analysis (FIA) 
following standard Lachat® methods. Sediment chlorophyll-a and phaeophytin 
concentrations were determined by adding 90% acetone with the fluorescence measured 
before and after acidification using a Turner designs 10-AU Fluorometer.  
4.3.5 Data analyses 
Macrofaunal data were analysed using multivariate and univariate analyses to determine 
the influence of mud content and nutrient enrichment on the macrofaunal community. The 
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univariate analyses used were the number of functional groups per core, total macrofaunal 
abundance per core, species diversity and the abundance of small (<30 mm) and large (>30 
mm) Austrovenus and Macomona per core.  
Nutrient fluxes were limited to NH4+ as similar studies in New Zealand estuaries have 
shown that fluxes of NO3- and NO2- are negligible (account for less than 1 % of inorganic 
nitrogen fluxes) (Lohrer et al. 2010; Pratt et al. 2013b; Douglas et al. 2018). Ammonium and 
oxygen flux measurements were used to calculate the ecosystem responses of nutrient 
regeneration, primary productivity and nutrient uptake by microphytes (Pratt et al., 2015). 
Sediment oxygen consumption (SOC, µmol m-2 h-1; a measure of oxygen demand and total 
community metabolism) is measured from the fluxes of oxygen from the dark chambers. 
Net primary production (NPP, µmol m-2 h-1) is calculated as the oxygen flux from the 
sediment into the overlying water column in the light chambers. To calculate Gross primary 
production (GPPchl-a, µmol O2 µg chl a g-1 m-2 h-1), which indicates photosynthetic efficiency, 
the dark chamber flux is subtracted from the light chamber flux (NPP-SOC) and then 
standardised by sediment chlorophyll-a concentration to account for variation in 
microphytobenthos (MPB) biomass. Net ammonium fluxes are measured from the light 
chamber and gross ammonium flux in the dark chamber, which represents nutrient 
regeneration with and without microphytobenthos uptake respectively.  
 To investigate the effects of nutrient enrichment and sediment type (mud and sand) 
on ecosystem functions , PERMANOVAs were conducted with the fixed factors nutrient 
enrichment  with three levels (control, medium and high), sediment type (two levels [mud 
and sand]), and estuary (3 levels [WKW, JCB and NEW]).No interaction effects between 
sediment x estuary and the three way interaction between sediment x estuary x N 
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enrichment could be tested due to the non-paired muddy and sandy sites as a consequence 
of environmental scouring of benthic chambers at the Waikawa sandy site. PERMANOVAs 
were undertaken on all the ecosystem functions (light and dark NH4+ fluxes, GPPchl-a, NPP 
and SOC), and on the sediment properties and macrofaunal parameters independently. 
Pairwise tests using PERMANOVA were conducted to determine which level of N 
enrichment (treatment) had the biggest influence on the ecosystem functions (light and 
dark NH4+ fluxes, GPPchl-a, NPP and SOC) and porewater nutrient concentrations.  
Distance-based linear models (DistLM) using multiple regression were used to 
determine which variables best explained the variation in ecosystem functions across the 3 
different nutrient treatments. The DistLM models used Euclidean distance resemblance 
matrices of each ecosystem function (light and dark NH4+, GPPchl-a, NPP and SOC), which 
were regressed against 12 normalised environmental and macrofaunal variables (organic 
matter (%), mud content (%), chlorophyll-a concentration, functional groups core-1, 
abundance (N), species diversity (H), abundance of large and small Austrovenus and 
Macomona, and porewater NH4+-pw and PO4--pw. To select the explanatory variables, 
Draftsman plots and Pearson’s correlation (r > 0.7) were used to eliminate correlated 
variables. Marginal tests within DistLM were used to assess which predictor variables 
independently explained significant variation in the ecosystem responses. Then Akaike 
information criterion (AICc), corrected for small sample size, was used to determine the best 
combination of predictor variables to explain variation in the ecosystem responses. The 
most parsimonious model was selected based on AICs numbers. All DistLM and 
PERMANOVA analysis were conducted with PRIMER v7 with PERMANOVA + add on (Clarke, 
K.R. Gorley 2015). Univariate regression using Microsoft Excel 2016 was undertaken on 
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ecosystem functions and explanatory variables which significantly influenced the ecosystem 
functions. 
4.4 Results 
4.4.1 Sediment properties 
The two sandy sites had < 4 % mud content and ranged between 0 – 3.8 %, while the two 
muddy sites ranged from 4.73 – 15.46 % mud, encompassing a gradient of 0 – 15.46 % mud 
content across the 4 sites (Table 4.1).  Differences in sediment type significantly influenced 
organic matter content, chlorophyll-a,  NH4+-pw and  PO4--pw which were higher in muddy 
sediment (Table 4.1 & 4.2). Nutrient enrichment significantly affected NH4+-pw 
concentrations showing that N enrichment worked (Table 4.2), with higher NH4+ in the 
medium treatment compared to both the high treatment and the control (medium > high, p 
= 0.0008 and medium > control p = 0.0016), there was no significant difference between 
high and control treatments. PO4- -pw was significantly influenced by N enrichment (Table 
4.2), with higher PO4- -pw in medium and high treatments compared to control (medium > 
control p = 0.0007 and high > control p = 0.03), with no significant difference between 
medium and high treatments. NH4+- pw and PO4- -pw varied across treatments and sites 
with   NH4+-pw ranging from 1.86 – 6030.1 µM and PO4—pw ranging from 0 – 17.79 µM 
(Table 4.1).  Estuary was a significant factor influencing OM, chl a and NH4+-pw (Table 4.2). 
NH4+-pw was significantly affected (p<0.05) by the sediment x N enrichment interaction and 
the interaction between N enrichment x estuary (Table 4.2). Chlorophyll-a ranged from 1.12 
– 5.27 µg g -1 in the two sandy sites and 4.74 – 12.41 µg g -1  in the two muddy sites. 
Sediment organic matter content ranged from 0.7 – 1.95 % in the two sandy sites and 1.16 – 
2.26% in the two muddy sites (Table 4.1).  
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Table 4.1. The sediment properties and macrofaunal variables for each estuarine site with the mean and range of values in brackets (n = 9 for each site). New 
River (NEW, sandy), Jacobs River estuary lower (JCB-L, sandy), Jacobs River estuary upper (JCB-U, muddy), Waikawa estuary upper (WKW-U, muddy). Estuarine 
sites are ranked from low mud content to high mud content 
  Site             
  NEW (sandy)   JCB-L (sandy)   JCB-U (muddy)   WKW-U (muddy) 
Sediment properties        
OM (%) 0.76 (0.70-0.82)  1.68 (1.54-1.95)  1.38 (1.16-1.56)  1.95 (1.80 - 2.26) 
Mud (%) 0.24 (0-1.16)  2.41 (1.38-3.80)  6.73 (4.73-8.59)  12.09 (9.92-15.46) 
Chlorophyll a (µg g -1 sediment)         
 1.75 (1.12-3.15)  3.54 (2.58-5.27)  6.83 (4.74-9.37)  10.22 (5.23-12.41) 
Porewater concentrations (µM)         
NH4+ 166.32 (0-668.87)  1652.69 (2.94-4005.97)  2787.19 (30.56-6030.39)  2734.21 (1.86-4657.31) 
PO4- 1.06 (0.24-2.61)   1.17 (0-5.77)   3.72 (0.09-17.79)   7.47 (0.89-14.18) 
Macrofaunal community          
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Table 4.2. PERMANOVA results showing the effects of sediment type (muddy vs sandy), nutrient enrichment (treatment), estuary and the interaction 
effects on ecosystem functions: nutrient regeneration (light and dark NH4+ flux), gross primary production (GPPchl a), net primary production (NPP), sediment 
oxygen consumption (SOC) and sediment properties and macrofaunal variables. Significant effects are in bold (p<0.05) and marginally significant effects 
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Ecosystem responses                      
Light NH4+ (µmol NH4+ m-2 h-
1) 8.81 0.006 31.94 0.0001 9.08 0.001 10.61 0.0003 11.55 0.0001 
Dark NH4+ (µmol NH4+ m-2 h-
1) 9.02 0.0028 18.93 0.0001 10.05 0.0006 5.4 0.0083 6.005 0.0009 
GPPchl a (µmol O2 Chl a g-1 dw 
m-2 h-1) 34.77 0.0003 0.0004 1 30.6 0.0001 0.54 0.6 0.25 0.91 
NPP (µmol O2 m-2 h-1) 13.64 0.0008 2.72 0.08 14.9 0.0001 0.08 0.92 0.35 0.84 
SOC  2.12 0.16 0.43 0.66 1.6 0.22 0.04 0.96 0.53 0.72 
Sediment properties            
Organic matter (%) 159.32 0.0001 5.61 0.01 231.94 0.0001 1.68 0.22 0.95 0.45 
Microphytobenthic biomass 
(µg g-1 sediment)            
Chlorophyll a 174.42 0.0001 2.93 0.073 18.55 0.0002 2.2 0.11 2.07 0.11 
Macrofauna (n core-1)            
N (individuals) 13.34 0.0007 5.8 0.0059 1.96 0.15 2.54 0.09 0.4 0.84 
H (species diversity, 
Shannon's index) 3.21 0.08 0.8 0.46 4.32 0.03 0.13 0.87 0.66 0.63 
FG 10.8 0.0025 5.24 0.01 0.28 0.77 1.28 0.31 1 0.44 
Austrovenus <30mm 1.54 0.21 3.67 0.03 11.76 0.0001 0.33 0.79 1.25 0.31 
Austrovenus >30mm 24.13 0.0001 0.94 0.41 3.93 0.03 0.94 0.42 1.05 0.4 
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Macomona <30mm 0.58 0.51 3.73 0.03 26.34 0.0001 5.95 0.002 1.44 0.24 
Macomona >30mm 1.69 0.2 2.63 0.09 12.02 0.0004 0.59 0.57 0.84 0.51 
Porewater cocentration 
(µM)            
NH4+ 37.38 0.0001 17.12 0.0002 6.03 0.0073 7.4 0.0022 13.78 0.0001 




4.4.2 Macrofauna  
Sediment type was a significant factor influencing total abundance (n core-1), number of 
functional groups (FG core-1) and the abundance of large Austrovenus (> 30mm, n core-1) 
(Table 4.2). Abundance and the number of functional groups were higher in muddy 
sediment  (Table 4.1 & Figure 4.1a, Figure 4.1b), while large Austrovenus (> 30 mm, Figure 
4.1c) were found only at the sites with sandy sediment and not observed at > 4% mud 
content (Table 4.1). Nutrient enrichment significantly influenced abundance (n core-1) 
number of functional groups (FG core-1), small Austrovenus and Macomona, with reductions 
in the abundance of these macrofaunal parameters with from the control to the high 
treatment (Table 4.2). There was a sediment x N enrichment interaction effect on the 
number of small Macomona (<30 mm), with marginal effect on macrofaunal abundance (n 
core-1) (Table 4.2). Estuary had a significant effect on all the macrofaunal parameters apart 














Figure 4.1. Macrofaunal parameters versus mud content. a), Number of functional groups per core-1 versus mud content (%) (R2 = 0.16, p = 0.016). b), 

















































































4.4.3 Ecosystem responses  
 Ammonium flux in the light and dark chambers was significantly influenced by sediment 
type with  a positive influence of mud on dark NH4+ flux, and no clear trend with light NH4+ 
fluxes, due to large variation in light NH4+ fluxes (Table 4.2 & Figure 4.2a). N enrichment had 
a significant influence on both the light and dark ammonium fluxes (Table 4.2 & Figure 4.3), 
with 50x greater dark NH4+ flux in the high compared to control plots (high > control p = 
0.001) and 3x greater flux in the high compared to medium treatments (high > medium p = 
0.0015) (Figure 4.3). Light NH4+ fluxes were 20x higher in the high treatment compared to 
control (high > control p = 0.0001) and 6x higher in high compared to medium treatments 
(high > medium p = 0.0001). Estuary was a significant factor influencing both dark and light 
NH4+ fluxes with an interaction effect between N enrichment x estuary (Table 4.2). There 
was also a significant sediment x treatment interaction for both the dark and light NH4+ 
fluxes (Table 4.2).  
Gross primary production (hereafter GPPchl a) and net primary production 
(hereafter NPP) were significantly influenced by sediment type (Table 4.2 & Figure 4.2b). 
Gross primary production decreased as mud content increased, whereas NPP increased with 
increasing mud content (Table 4.2 & Figure 4.2b). There was no N enrichment or sediment x 
N enrichment interaction effect for either GPPchl a or NPP (Table 4.2). Estuary was a 
significant factor influencing both GPPchl a and NPP (Table 4.2). Community metabolism 
(SOC) was not explained by the factors sediment, N enrichment or the interaction terms.  in 
the PERMANOVAs (Table 4.2).  
Twelve variables were included in the DistLM models to determine which variables 
explained variation in nutrient regeneration (light and dark NH4+ fluxes), GPP chl-a and NPP. 
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Sediment organic matter content and mud content were the variables which influenced all 
the ecosystem functions either individually or as part of the best model, with organic matter 
content significantly affecting all of the measured ecosystem functions (Figure 4.3). Nutrient 
regeneration was significantly influenced by both sediment properties and macrofaunal 
parameters individually and as part of the best model (Table 4.3). Organic matter content, 
mud content, chlorophyll-a concentration and porewater PO4--pw were independently 
positively related to nutrient regeneration (Table 4.3).  
Macrofaunal abundance, the number of functional groups and number of small 
Macomona (<30 mm) significantly influenced nutrient regeneration (dark NH4+ flux), with 
decreasing nutrient regeneration as these variables increased (Table 4.3). Species diversity 
was marginally significant affecting dark NH4+ flux. Mud content, large Austrovenus (>30 
mm) and small Macomona (<30 mm) explained 75% of the variation in dark NH4+ flux in the 
best model (Table 4.3). Net NH4+ fluxes were significantly influenced by porewater PO4-pw, 
and numbers of small Macomona (<30 mm), with increased net NH4+ fluxes with higher 
porewater PO4-pw concentrations and decreased net NH4+ fluxes with higher numbers of 
small Macomona (<30 mm) (Table 4.3). A combination of organic matter content, mud 
content, chlorophyll-a, abundance, and small Austrovenus abundance explained 60% of the 
variation in net NH4+ fluxes in the best model.  
Primary production was significantly influenced by organic matter content, mud 
content, chlorophyll-a concentration and porewater PO4-pw, however the direction of the 
response varied for net and gross primary production. Net primary production (NPP) was 
positively related to these sediment variables, while gross primary production (GPPchl-a) was 
inversely related to these parameters (Table 4.3). Number of large Austrovenus and small 
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Macomona were significantly negatively related to NPP in the marginal tests (Table 4.3). 
60% of the variation in NPP was explained by mud content, abundance, and species diversity 
in the best AICc model. GPPchl-a was significantly influenced by macrofaunal abundance, 
species diversity, number of functional groups, small Austrovenus and large Macomona, 
with GPPchl-a declining as the variable numbers increased (Table 4.3). The best model 
explaining 80% of the variation in GPPchl-a included organic matter content, mud content, 
chlorophyll-a, abundance, species diversity and number of small Macomona.   
Organic matter content significantly influenced community metabolism (SOC) with 
higher SOC with increasing organic matter content (Table 4.3). Species diversity, mud 






Figure 4.2. Solute fluxes across the sediment-water interface.  a) Dark NH4+ flux in each treatment 
control, medium (R2 = 0.40) and high (R2 = 0.64), versus mud content (%). b) Gross primary 
production (GPPchl-a) and Net primary production (NPP) versus sediment mud content (%) (R2 = 0.28 







































































































Figure 4.3. Nutrient regeneration (dark NH4+ flux) in control, medium and high treatment plots 
comparing sandy and muddy sediment for each treatment type. Error bars represent the standard 

































Table 4.3. Distance-based Linear Model (DistLM) results with individual predictor variables explaining variation in nutrient regeneration (light and dark 
NH4+ fluxes), net primary production (NPP), gross primary production (GPPchl-a) and sediment oxygen consumption (SOC). A summary of both the best 
model and marginal test, with the number indicating the proportion of variance explained by each variable for the marginal tests. The (+) or (-) indicates the 
direction of the correlation. The variables which are included in the best model selected by AICs as the more parsimonious are denoted in bold. The 
cumulative variance explained by the variables in the best model is the R2***p < 0.01, ** p < 0.05, *p < 0.1. Organic matter % (OM), Mud content % (Mud), 
Chlorophyll-a µg g-1 sediment (Chl a), functional groups n core-1 (FG), individuals n core-1 (N), Shannon’s diversity index (H), Number of small (<30 mm) and 
large (>30 mm) bivalves, cockle = Austrovenus and Macs = Macomona, Porewater concentrations µM (pw – NH4+ pw – PO4-).  
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This study shows that increased muddiness of sediments (<63 µm) influences the ecosystem 
response of nutrient regeneration (net and gross NH4+ fluxes) to increasing nutrient 
enrichment highlighting the complex interactions between two dominate stressors and how 
they affect key ecosystem functions. The effects of nutrient enrichment on nutrient 
regeneration were markedly more pronounced in muddy sediments than sandy sediments, 
highlighting the interaction effect between mud and treatment (Figure 4.3), contrary to our 
prediction (hypothesis 1). Minor increases in mud content reduced photosynthetic 
efficiency of the microphytobenthos with a switch from enhanced gross primary production 
(GPPchl-a) below 4 % mud content to increased net primary production above 4 % mud 
content confirming our prediction of higher MPB with muddier sediment (hypothesis 2). N 
enrichment was not a significant factor influencing either GPPchl-a or NPP, contrary to our 
prediction (hypothesis 2). Macrofaunal functional groups and abundance increased with 
mud content, however treatment had a negative effect suggesting that mud influences how 
functional groups (n core-1) and abundance respond to nutrient enrichment, contrary to our 
prediction of macrofauna reducing the effects of nutrient enrichment in muddy sediment 
(hypothesis 3). Large (> 30 mm) Austrovenus were absent in the muddy sites showing that 
small increases in mud content can result in the loss of large suspension feeding bivalves. 
The effects of estuary on the ecosystem functions likely reflects the differences in 
environmental and macrofaunal communities at the different sites. Sediment community 
metabolism was not affected by sediment type, N enrichment or any interaction effects 
contrary to our prediction (hypothesis 4).  
92 
 
The changing properties at the sediment water interface with increasing mud 
content can influence nutrient regeneration both directly through changes in diffusion and 
absorption rates of solute exchanges and indirectly through changing organic matter 
content and effects on macrofauna (Cummings et al., 2009; Huettel et al., 2014, 2003; Jones 
et al., 2011a; Lohrer et al., 2004b; Thrush, 2003). Greater organic matter (OM) content with 
increasing mud increases the efflux of NH4+ due to increased remineralisation of OM, likely 
because of  higher bacterial abundance utilising OM as food in muddy sediments (Baudinet 
et al. 1990; Van Luijn et al. 1999; MacTavish et al. 2012; Garcia-Robledo et al. 2016). Douglas 
et al (2018) found the relationship between mud content and nutrient regeneration (dark 
NH4+ fluxes) varied with nutrient enrichment, with a positive relationship in control plots 
and a negative relationship in nutrient enriched experimental plots. Similarly, in the current 
study, we found a significant interaction effect between mud and N enrichment with  higher 
nutrient regeneration with increasing mud content and nutrient enrichment, likely due to 
higher treatment levels and a longer time of sediment enrichment in the current study 
(Figure 4.2a). The higher nutrient enrichment and longer timeframe of nutrient enrichment 
in the current study compared to Douglas et al. (2018) may have created an excess of 
porewater NH4+ that wasn’t utilised by MPB or assimilated by microbes and therefore is 
released via diffusion. Sediments with high porewater concentrations or excess NH4+ in the 
system release NH4+ at the sediment-water interface (Kellyl et al. 1985; Pinckney et al. 2001; 
Mortazavi et al. 2012), which is an early sign of eutrophication. Furthermore, increased 
muddiness and nutrient regeneration significantly increased chlorophyll-a concentrations 
(proxy of MPB biomass) which is likely due to a combination of higher surface area for MPB 
attachment and increased growth rates due to higher NH4+ fluxes. Increased 
microphytobenthos have been found in muddier sediment due to a larger surface area for 
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adhesion (Van de Koppel et al. 2001; Huettel et al. 2014), which agrees with our current 
study that showed a positive relationship between mud and chlorophyll-a concentration. 
Further, nutrient enrichment generally stimulates MPB (as chlorophyll-a) (Kellyl et al. 1985; 
Mortazavi et al. 2012; Douglas et al. 2018), however in this study chlorophyll-a 
concentration was not influenced by nutrient enrichment. These results highlight how the 
interaction between nutrient enrichment and increasing mud content can initially be 
positive with increased chlorophyll-a (MPB). But once nutrient enrichment exceeds what 
can be assimilated by the microphytes for growth (potentially due to light 
limitation/penetration), NH4+ can be released from the sediment surface and potentially 
contribute to increased water column productivity, further exacerbating coastal 
eutrophication. This is an important result due to the worldwide increase in these stressors 
that often occur together (Levin et al. 2001; Thrush et al. 2004; Douglas et al. 2018) and 
highlight the complex interactions between multiple stressors.  
Macrofauna mediated the ecosystem responses to nutrient enrichment with a 
significant negative interaction term suggesting that the role of macrofauna to elevated 
nutrient concentrations varied with mud content. The negative interaction is likely due to 
reduced numbers of Macomona with increasing mud content. Macrofauna, species 
diversity, increased functional groups and particularly large bivalves Austrovenus and 
Macomona influence nutrient fluxes and increase the resilience of sedimentary ecosystems 
to nutrient enrichment (Thrush et al. 2006; Jones et al. 2011a; Kristensen et al. 2014; 
Douglas et al. 2017). Large Austrovenus positively influence nutrient fluxes through high 
volumes of excretion, while Macomona influence nutrient fluxes due to advective 
bioirrigation within the sediment (Thrush et al. 2006; Woodin et al. 2016), with these effects 
likely to be more pronounced in sandy sediments. In the current study, the influence of 
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these key bivalves, species richness, abundance and functional diversity on nutrient 
regeneration was negative possibly due to increased mud content and nutrient enrichment 
breaking positive interactions and feedbacks and thus reducing ecosystem functioning 
(Lohrer et al. 2004b; Jones et al. 2011a; Pratt et al. 2013a, 2015a; Douglas et al. 2018, 2019). 
While there wasn’t a reduction in functional diversity or abundance with increasing mud 
content in the current study, a reduction in key bivalves occurred at the higher mud 
content, demonstrating the importance of bivalves as drivers of nutrient cycling in soft 
sediment habitats. The significant negative interaction effect of sediment x N enrichment on 
small Macomona (< 30 mm)  highlights how small changes in stressor levels can break 
positive feedbacks and interactions influencing nutrient regeneration, due to reduced 
abundance of key bivalves and therefore bioturbation which positively influences nutrient 
regeneration (Lohrer et al. 2004a; Jones et al. 2011a; Douglas et al. 2018). 
Net primary production and GPPchl-a were both significantly influenced by mud 
content with NPP increasing at ~4 % mud content while GPPchl-a decreased at mud content > 
~4 % (Figure 4.2c). The ~4% mud content threshold is similar to that found by Douglas et al 
2019, with changes in interaction networks occurring at ~4% mud altering denitrification 
MPB and other biodiversity measures. Positive interaction networks occurred up to ~ 4% 
mud content, with negative effects on interaction networks and biodiversity measures as 
mud content increased (Douglas et al. 2019). In the current study increasing muddiness 
provides a greater surface area for MPB habitat (Huettel et al. 2014) with this reflected in 
the significant and positive effect of mud content on chlorophyll-a concentration. Higher 
concentrations of chlorophyll-a were linked to a significant increase in NPP correlating with 
a higher mud content, with a decrease in GPPchl-a as mud content increased, suggesting a 
reduction in photosynthetic efficiency.  This reduced photosynthetic efficiency is likely due 
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to reduction in light both on the sediment surface and penetration into the sediment with 
increasing turbidity and reduction in median grain size within increasing muddiness. A 
reduction in GPPchl-a has been shown in other studies due to a reduction in light levels and 
increased muddiness which has reduced the efficiency of photosynthesis and therefore 
lower GPPchl-a (Billerbeck et al. 2006; Pratt et al. 2013a; Douglas et al. 2018). These results 
highlight the complex relationship between increased muddiness and photosynthetic 
efficiency with small increases in muddiness influencing whether a soft sediment system has 
high net or gross primary production. Organic matter content positively influenced NPP and 
negatively influenced GPPchl-a, likely due to the correlation between OM and mud content 
rather than a direct influence on NPP (Table 1, 2 & 3). However, bacterial transformation of 
OM releases NH4+ and PO4- which stimulates MPB growth  (Mortazavi et al. 2012; Ellis et al. 
2015; Garcia-Robledo et al. 2016; Kelly et al. 2017), explaining the link between increasing 
NPP, higher OM % and increasing porewater PO4- concentrations.  
As predicted, key bivalves and macrofauna facilitated processing of nutrients, with 
functional diversity, species richness, and abundance of key bivalves significantly influencing 
productivity or were part of the best model explaining variation in NPP and GPPchl-a. While 
macrofauna excretion can enhance MPB growth (Lohrer et al., 2004; Needham et al., 2011; 
Sandwell et al., 2009), the consumption or subduction of MPB by macrofauna may have 
reversed the positive effect of macrofauna on MPB (Lohrer et al., 2004; MacTavish et al., 
2012; Needham et al., 2011). Alternatively, the positive influence of macrofauna on primary 
production may have been reduced or negated due to the combination of increasing mud 
content and nutrient stress (Thrush et al. 2004; Jones et al. 2011a; Pratt et al. 2013a; Van 
Colen et al. 2015; Ellis et al. 2017).  
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Community metabolism (SOC) variation was best explained by organic matter, mud 
content and species richness. Organic matter positively influenced the variation in SOC, 
likely due to the increase in oxygen consumption by microbial communities while breaking 
down the organic matter (Norkko et al. 2001; Lohrer et al. 2012; MacTavish et al. 2012), 
while there was no clear direction in the relationship for either mud content or species 
richness on SOC (Table 4.3).  
4.5.1 Conclusions 
This study highlights the importance of multiple stressors on estuarine health and how a 
small change in mud content can influence the response of ecosystem functions 
(ammonium fluxes and productivity) to sediment eutrophication. The efficiency of primary 
production was already reduced at fairly low mud concentrations of ~4 %, showing that 
while primary production still occurred the efficiency of the process was reduced with only 
minor increases in muddiness. The effect of nutrient enrichment on nutrient regeneration 
was markedly more pronounced in muddy sediments, showing how systems with greater 
mud content are more vulnerable to nutrient enrichment and therefore eutrophication. 
Increased muddiness and nutrient enrichment reduced the positive influence of macrofauna 
on ecosystem functioning and abundance of large Austrovenus, highlighting indirect 
negative effects of mud content on macrofaunal processes that drive ecosystem functions. 
Increasing nutrient enrichment and muddiness therefore breaks positive feedbacks and bio-
physical interactions in soft sediment systems potentially exacerbating eutrophication 
symptoms in estuaries. Fine scale monitoring of mud content is important for estuarine 
management to detect subtle changes which will make the system more vulnerable to 
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Soft sediment estuarine systems are critical for ecosystem services that maintain healthy 
estuaries and which humans rely on (Snelgrove et al. 1997, 2014; Levin et al. 2001; Thrush 
et al. 2013). However, these systems are under increasing threat due to multiple stressors 
such as sedimentation, nutrient enrichment, overharvesting and climate change (Levin et al. 
2001; Thrush et al. 2013; O’Meara et al. 2017). The overall aim of my thesis was to 
investigate how ecosystem functions in soft sediment habitats in estuaries change with 
increasing sedimentation and nutrient enrichment and how size class reduction of keystone 
bivalves affects ecosystem function responses. The 3 interlinked data chapters use in situ 
manipulative field experiments to investigate and gain insights into changing stressor levels 
and macrofaunal variables and how these influence ecosystem functions. I used in situ field 
experiments for realism, and to account for the feedbacks and complex interactions which 
occur in estuarine sediments that influence ecosystem functions (Thrush et al. 2006; Thrush 
et al. 2014). 
In chapter 2, I experimentally manipulated the biomass of large and small 
Austrovenus stutchburyi (hereafter Austrovenus) to assess the effect of changing densities of 
small and large sized bivalves on ecosystem functions. In chapters 3 and 4, I present results 
from a multi-site nutrient enrichment experiment utilising the same experimental plots in 
contrasting muddy (<63 µm) and sandy sediments to explore how context dependency 
influences ecosystem functions and the influence of small and large bivalves in moderating 
these processes. In chapter 3, I focus on how extracellular enzyme activity (hereafter EEA), a 
key ecosystem function, changes with increasing nutrient enrichment and if the response 
varies between muddy and sandy sediments. In Chapter 4, I focus on how nutrient 
regeneration and primary production are influenced by nutrient enrichment and whether 
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these functions change in contrasting muddy and sandy sediment environments and the 
role of macrofauna, particularly bivalves in mediating these responses. 
5.1.1 Chapter 2: Does the size structure of venerid clam populations affect ecosystem 
functions on intertidal sandflats? 
There are limited studies worldwide investigating the intraspecific trait of bivalve size and 
the loss of large bivalves on ecosystem functioning.  This chapter aimed to investigate the 
effect of large (>30 mm) and small (<30 mm) Austrovenus on ecosystem functioning while 
standardising for biomass, an approach that is novel compared to other studies investigating 
bivalve size (Thrush et al. 2006; Norkko et al. 2013). I manipulated bivalve biomass using a 
realistic biomass gradient (0 – 4 kg) of large and small Austrovenus and measured nutrient 
and oxygen fluxes with benthic chambers to determine the effect of declining biomass of 
each size class on ecosystem functioning, thus mimicking reductions due to overharvesting 
or anthropogenic stress. Nutrient regeneration, primary production and extracellular 
enzyme activities were measured as ecosystem functions and related to the effect of 
Austrovenus size.  
Small individuals on a per kg basis are important for driving gross primary 
production, net primary production and stimulating microbial enzyme activities (LAPase and 
APase) and therefore organic matter breakdown and nutrient cycling (Figure 5.1). Nitrogen 
fluxes were however, higher with large individuals likely due the higher volume of excretion 
(Woodin et al. 2016) (Figure 5.1). Behavioural and physiological differences between the 
two size classes exert a large influence on ecosystem functions, highlighting the complex 
nature of the functional trait of size and it’s influence on these functions (Figure 5.1).    
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Predation by birds reduced the biomass of small size classes, showing that large 
individuals are important for attaining a higher biomass of bivalves across the ecosystem 
with corresponding increases in ecosystem functions as biomass increases. Large 
Austrovenus in the current study had a mean size of 35 mm, however other studies 
designated large bivalves as adults >5 mm or > 20 mm for Austrovenus in the North Island 
and Cerastoderma edule in the Wadden sea  (Thrush et al. 2006; Rossi et al. 2008; Norkko et 
al. 2013). Changing baselines of bivalve densities and sizes are likely occurring, potentially 
affecting the ecosystem functions performed by the same species in different estuarine 
ecosystems. What is considered a “large” bivalve in one system may be small in another 
system with different impacts on ecosystem functions. Historical loss of large bivalves due 
to anthropogenic stressors has reduced the mean size of Austrovenus in many systems 
(Wells et al. 2019). Equally predation appears to play a bigger role than expected with large 
individuals  removed from the system  making small individuals more vulnerable to 
predation.  
 
Figure 5.1. A schematic illustrating the difference in behaviours and burial depths between large and 
small Austrovenus that influence the measured ecosystem functions, expressed on a per kg basis. 
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Blue represents the overlying water column, yellow the sediment and the green line is the 
microphytobenthos, which is thicker with small individuals indicating higher gross primary 
production. The thickness of the black lines indicates the significance of each size class on the 
measured ecosystem functions, with the direction of the arrow indicating a source or sink into the 
sediment.  
5.1.2 Chapter 3: Influence of sediment grain size on bacterial extracellular enzyme activities 
in marine sediments 
There is limited knowledge on extracellular enzyme activities (EEA) in estuarine sediments 
despite the importance to these microbially-mediated processes for organic matter 
breakdown and nutrient cycling. If rates of nutrient cycling are altered due to changes in 
EEA there are then implications for the productivity of the whole system. Extracellular 
enzymes are released by bacteria to break down large molecules, creating dissolved organic 
which is released into the environment and also absorbed by bacteria. There are no studies 
investigating the influence of nutrient enrichment on EEA and how this response changes 
between muddy and sandy sediments. I used surface sediment (0 – 2 cm) extracellular 
enzyme assays to measure enzyme activity per hour as a measure of rate-limiting steps for 
organic matter breakdown and nutrient cycling rates within the sediment to determine how 
EEA changes with nutrient enrichment in muddy and sandy sediments. 
Muddy sediment was the most important factor influencing EEA and therefore 
organic matter breakdown and nutrient cycling (Figure 5.2). Mud content had a positive 
impact on enzyme activity increasing the breakdown of organic matter and release of 
nutrients.  Increasing mud content decreases median grain size; however, results show that 
some enzyme activities were positively related to increasing median grain size (Figure 5.2). 
This suggests that some mud is beneficial for bacteria likely due to increased organic matter, 
while maintaining oxygenation or diffusion that is associated with increased grain size are 
also important for bacteria and promote enzyme release. The influence of macrofaunal 
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abundance on EEA was positive however, species diversity and key bivalve abundance had a 
negative effect on EEA with the positive effect of key bivalves and species richness likely 
negated due to the increased mud content at the 2 muddy sites.  
 
Figure 5.2. Schematic diagram highlighting how the sedimentary environment influences 
extracellular enzyme activity (EEA). Green squiggles represent organic matter which increases with 
mud content, and significantly increases EEA. Arrows indicate increases in EEA, sulfatase indicates 
increase in the breakdown and release of sulphur, BGase indicates the breakdown and release of 
carbon, APase indicates the breakdown and release of phosphate and LAPase indicates the 
breakdown and release of nitrogen. Brown band represents mud content with mud content higher 
in the muddy sites, with EEA increasing with higher mud content. Species represented include 
Austrovenus stutchburyi, Macomona liliana, Nereid polychaete, and polychaete sp.  
5.1.3 Chapter 4: Mud content changes nutrient regeneration and primary productivity 
response to nutrient enrichment in soft sediment habitats 
This chapter aimed to investigate the effects of nutrient enrichment on primary production 
and nutrient regeneration and whether the responses varied between sandy and muddy 
sediment and how key bivalve size influenced this relationship. Benthic chambers were used 
to measure ammonium (nutrient regeneration and net NH4+) oxygen (primary production) 
fluxes and sediment community metabolism to investigate changes in key ecosystem 
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functions in contrasting sediment types sandy and muddy, with nutrient enrichment. This 
experiment expands earlier research in using two levels of nutrient enrichment in 
contrasting muddy and sandy sediments to investigate the effect on ecosystem functions 
while assessing the influence of bivalve size of two keystone species (Austrovenus and 
Macomona).  
Muddy sediment had a large influence on ecosystem functions (ammonium fluxes 
and primary production) and on the influence of nutrient enrichment within the estuary.  A 
study by Douglas et al (2018) showed that nutrient regeneration decreased with the 
interaction between mud and nutrient enrichment, which is opposite to the response in the 
current study. This could be due to the longer time of nutrient enrichment 7 months in my 
study as opposed to 6 weeks, which could indicate a cumulative effective of nutrient 
enrichment in the 7 month period. Secondly, I used large benthic chambers (30 L of water 
enclosed) to measure fluxes as opposed to small benthic chambers (~0.85L of enclosed 
water) which may not have captured the full effect of fluxes at the sediment water interface 
due a smaller area measured in previous studies. The reduction in the photosynthetic 
efficiency of primary production in muddy sediment at ~4% mud is similar to that of a study 
by Douglas et al (2019) showing that small increases in mud of ~4% start to influence 
ecosystem functioning.   Muddy sediment reduced the positive influence of key bivalves on 
ecosystem functions, which is the opposite of the positive effect of Austrovenus and 
Macomona in chapter 2 showing the context dependency of sediment type on ecosystem 
functions.   
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5.1.4 Management implications  
Results from my thesis provide new information and advance understanding of how key 
ecosystem functions change with sedimentation (increasing % mud) and nutrient 
enrichment and how loss of key bivalve size and biomass can moderate ecosystem 
functions. A mixed size class structure and high bivalve biomass has a positive influence on 
nutrient cycling and primary production, therefore reductions in size and biomass due to 
increased sedimentation, nutrient enrichment and overharvesting will negatively influence 
estuarine health. An interesting implication of the research conducted in Chapter 2 is that 
for shellfish restoration projects, only individuals larger than 23 mm should be used or 
appropriate bird-scaring devices put into place until beds of individuals have become 
established or else restoration efforts may fail. Increased sedimentation reduces the 
photosynthetic efficiency of primary production, and the estuarine systems ability to 
assimilate ammonium resulting in high levels of nutrient regeneration which can lead to 
eutrophication. These two stressors also reduce the abundance and size of key bivalves and 
the positive impact bivalves and macrofauna have on ecosystem functions.  This information 
highlights important factors for monitoring and managing estuarine health in New Zealand 
and worldwide. The importance of both large and small size classes and biomass of keystone 
bivalves on ecosystem functions shows that during monitoring programs collecting data on 
size and biomass is equally important as abundance to detect potential changes to 
ecosystem functioning. The results of my thesis show that small increases in mud content 
~4% alter primary production and nutrient regeneration and EEA which can have large scale 
changes on ecosystem functions and macrofaunal communities within estuaries. This can 
have important implications on the frequency and type of monitoring undertaken within 
estuarine systems. Based on my results fine-scale monitoring of mud content is critical along 
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with monitoring of nutrient levels in estuaries. This increased monitoring would provide 
more accurate information to pick up potential increases in mud content which might 
change estuarine functioning and reduce the health of a system. This information is 
important for creating policy on nutrient and sediment input levels within catchments 
surrounding estuaries monitored by councils and other governmental monitoring programs.  
5.1.5 Future research directions/ideas.  
Below are some research ideas or directions surfacing from my thesis.  
• Comparing large and small bivalves and mixed size classes in laboratory tanks while 
standardising for biomass. While this removes natural influences and stressors, it 
prevents predation and would provide nutrient regeneration information without 
environmental interference. This can build on the information about the importance 
of bivalve size and mixed size classes.  
• In chapter 2 the experiment focused on ecosystem functions, however further 
research could focus on how reductions in biomass of different size classes affect 
other macrofaunal parameters such as species richness and diversity.  
• Measuring the excretion volumes and respiration of individual large and small 
Austrovenus in the laboratory will add to the physiological information of this species 
and build on the work done with other bivalve species (Dame 2012). 
• The biomass of other key species such as polychaetes could be investigated and how 
changing biomass of these species influence ecosystem functions. Polychaetes have 
a strong influence on ecosystem functions (Karlson et al. 2016), therefore 
understanding changes to polychaete biomass would highlight how reductions in 
polychaetes due to anthropogenic stress affect ecosystem functions.  
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• The current research showed an influence of porewater phosphate on extracellular 
enzyme activity. Further research into N enrichment vs phosphate enrichment and 
its effects would provide important information on how EEA is influenced by 
potential increases in phosphate loading. The N enrichment vs phosphate 
enrichment could look into changes in other ecosystem functions such as nutrient 
regeneration and primary production. While estuaries are N limited, increasing 
phosphate (P) fertiliser use may have increased porewater phosphate levels enough 
to alter ecosystem functions. An experiment comparing different treatment levels of 
Nitrogen and Phosphate fertiliser would provide important information on changes 
to ecosystem functions and management implications for an estuary.  
• Do extracellular enzyme activities decrease with mud content beyond 15 % and is 
there an interaction effect with nutrient enrichment at this level of mud?  
• Do bacterial species composition and abundance change in relation to EEA rates in 
muddy versus sandy habitats? EEA increase across the current range of mud 0 – 15 
%, but is the bacterial community composition still the same or are only some 
species left due to anthropogenic stress? Then run this experiment with nutrient 
enrichment and see if community composition changes between muddy and sandy 
sites with two levels of nutrient enrichment.  
• How does ecosystem functioning change with repeated doses of nutrient 
enrichment and is this context dependent between muddy and sandy sediments? 
This will provide information on the short term effects of nutrients vs long term 
cumulation of nutrients on ecosystem functions which is important information for 
managing estuarine systems. 
• Does net primary production decrease beyond 15 % mud content?  
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• Does nutrient regeneration continue to increase with the mud x treatment 
interaction effect when mud content increases beyond 15 %?  
5.1.6 Overall conclusions  
My results show that increased anthropogenic stress from sedimentation, nutrient 
enrichment and overharvesting reduces key ecosystem functions nutrient regeneration, 
primary production and extracellular enzyme activity. Bivalve size is important for 
ecosystem functioning, through both direct and indirect effects, with a healthy biomass of 
large and small sized bivalves (Austrovenus) providing the maximum benefit to ecosystem 
functioning which increases resilience of the system. My research shows that the positive 
influence of small (< 30 mm) and large (> 30 mm) key bivalves like Austrovenus and 
Macomona on ecosystem functions is reduced or negated with increasing mud content due 
to sedimentation.  
 Results from this thesis show how small changes in mud content from increasing 
sedimentation have a large effect on ecosystem functions, macrofaunal communities and 
how nutrient cycling changes with the stressor of nutrient enrichment. Extracellular enzyme 
activity was driven by increased mud content within the range of 0 – 15 % likely due to 
increased food supply for bacteria in the form of organic matter. However, because 
increased median grain size is linked to higher EEA and increasing mud content reduces 
median grain size, it shows that a fine balance exists between the benefit of increased mud 
content and organic matter (%) and a negative response to mud. Muddy sediment altered 
how the system reacted to nutrient enrichment with the interaction effect considerably 
increasing nutrient regeneration. The photosynthetic efficiency of the estuarine soft 
sediment systems changed with only 4% mud content highlighting how small increases in 
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mud (< 63 µm) due to sedimentation can have a large effect on primary production. Muddy 
sediment reduced the potential positive effect of macrofauna and key bivalves on EEA, 
nutrient regeneration and primary production and therefore reduced the resilience of the 
estuary.  
My research highlights the complex nature of relationships between sediment 
properties, keystone bivalves, macrofauna and intraspecific traits such as size within a 
species. The results demonstrate the complexity of multiple stressors and how small 
changes to mud content makes the system more vulnerable to nutrient enrichment, 
affecting ecosystem functions and reducing the health and resilience of soft sediment 
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